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THESIS SUMMARY

The focus of research in our laboratory has involved the elucidation of the

regulatory mechanisms that control heme biosynthesis in eukaryotic cells. 5-aminolevulinate

synthase (ALAS) is a nuclear encoded mitochondrial matrix enzyme that catalyses the

formation of S-aminolevulinate from glycine and succinyl CoA, the first step in the heme

biosynthetic pathway. This enzyme is of particular interest since it is the rate-controlling

eîzyme. There are two closely related isozymes of ALAS designated ALAS1 and ALAS2

which are encoded by separate genes located on different chromosomes. The housekeeping

eîzyme, ALAS1 is probably expressed in atl tissues to provide heme for respiratory

cytochromes and other heme containing proteins. In contrast, ALAS2, is an erythroid-

specific enzyme, the synthesis of which is developmentally regulated and is markedly

increased during erythropoiesis to accommodate the increased demand for heme during

hemoglobin production. Previous studies have demonstrated that expression of the ALAS2

gene is regulated at both the transcriptional and post-transcriptional levels,

During erythropoiesis, transcription of the ALAS2 gene is markedly upregulated

together with the genes for the other heme pathway enzymes and for globin. The human

ALAS2 gene consisting of 11 exons spanning 22kb, and extensive 5' (10kb) and 3'

flanking (3 kb) sequence was previously isolated and sequenced in our laboratory.

Comparison of the genomic organisation of the human and murine ALAS2 genes exhibit

remarkable similarity. The work presented in this thesis is concerned with the identification

of regulatory regions responsible for the transcriptional control of the human ALAS2 gene

in erythroid cells. A number of regions of the human ALAS2 gene which corresponded to

DNase I hypersensitivity sites in the murine ALAS2 gene were examined in transient

expression studies performed in erythroid cell lines.

Deletion analysis of the 5'-flanking region of the human ALAS2 gene demonstrated

that the first 300 bp upstream of the transcription initiation site could function as a promotor

in erythroid cells. Putative binding sites for the erythroid-enriched transcrþtion factors,

GATA-1, NF-82 and the CACCC box binding protein, EKLF, and ubiquitous transcription

factors were identified in the ALAS2 promoter. Gel shift assays were performed to

determine the proteins binding to these sites and the functional contribution of these sites

evaluated by site-directed mutagenesis and transient expression analysis. However, ALAS2
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promoter constructs containing -293bp to -10.3 kb of 5'- flanking sequence also expressed

efficiently in non-erythroid COS-I cells indicaúng that additional sequence or native

chromatin structure may be required for the erythroid-specific expression of the human

ALAS2 gene invivo.

Examination of other regions of the human ALAS2 gene which corresponded to

DNase I hypersensitivity sites in the murine ALAS2 gene, resulted in the identification of an

erythroid-specific enhancer element within intron 8, located approximately 16 kb

downstream from the transcrþtion initiation site. This enhancer element was capable of

transactivating both the human ALAS2 promoter and the heterologous thymidine kinase

promoter in erythroid cells. Sequence analysis of intron 8 revealed putative GATA and

CACCC box motifs which are highly conserved between the human, murine and canine

ALAS2 genes. Mutational analysis established that a combination of two CACCC boxes

and one GATA-1 binding site was essential for activity of the erythroid-specific enhancer.

The association of GATA-1 and CACCC box binding sites have previously been

reported to play a critical role in the tissue-specific expression of many other erythroid-

specific genes, including the enzymes of the heme biosynthetic pathway and the globin gene

cluster. The identification of functional GATA-I and CACCC box binding sites in the

human ALAS2 promoter and in the erythroid-specific enhancer element located within

intron 8, highlights the importance of these transcription factors in the erythroid-specific

regulation of erythroid-cell expressed genes. Consequentl!, an interaction of a common

group of transcription factors within the regulatory regions of the genes encoding the

enzymes of the heme biosynthetic pathway and the globin gene cluster would ensure the

coordinated synthesis of heme molecules and globin chains during erythropoiesis.
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CHAPTER ONE : GENERAL INTRODUCTION

1.1 INTRODUCTION

Heme is comprised of a ringed tetrapyrrole, protoporphyrin IX, with a central iron

atom. This central ferrous iron atom (Fe2*) of heme can be reversibly oxidised to the ferric

state (Fe3*¡ by the transfer of a single electron. This cha¡acteristic of heme confers its ability

to function as an active cofactor in both the electron transport chain and in reactions

involving oxygen-containing compounds. Heme, in the ferrous state, has a high affinity for

oxygen allowing it to function as a carrier in the transport of oxygen. In erythroid cells,

hemoglobin is the oxygen transport protein and is comprised of a tetramer of two ü- and

two B- globin polypeptide chains incorporating a single heme molecule.

The requirement for heme by the respiratory cytochromes and other

heme-containing proteins necessitates its synthesis in all tissues. The largest quantities of

heme are required during erythropoiesis for assembly into hemoglobin. Consequentþ, both

intracellular levels of iron, de novo protoporphyrin IX synthesis and the synthesis of globin

chains must be coordinately regulated. This coordinated expression is believed to be

mediated at two levels: transcriptionally at the onset of erythroid differentiation, and

translationally, that predominates following enucleation (maturation) of the reticulocyte.

Therefore a common regulatory mechanism is thought to be involved in regulating the

expression of the heme biosynthetic enzymes and globin potypeptides. Although, the

regulation of the globin genes and the transcription factors responsible for their

erythroid-specific expression have been extensively characterised, relatively little is known

about the factors controlling expression of the heme biosyntheúc onzymes.

5-Aminolevulinate synthase (ALAS) is the first enzyme of the heme biosynthetic

pathway and exhibits the lowest relative enzyme activity in both erythroid and non-erythroid

tissues in comparison to the other enzymes of this pathway (May et aI., 1995). Therefore

ALAS is generally accepted to be rate-limiting and represents the key regulatory enzyme in

the synthesis of heme in all tissues (May et a1.,1995). There are two isozymes for ALAS: a

housekeeping form expressed in allcells (ALAS1), and an erythroid-specific form (ALAS2)

responsible for the higher protoporphyrin synthesis in these cells (reviewed by lli4lay et al.,
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1995) and each is encoded by a separate gene (Sutherland et a1.,1988; Cox et al'' 1990;

Bishop eta1.,1990).TheairnofthisthesisistoinvestigatehowexpressionoftheALAS2

gene is specifically regulated at the transcriptional level in erythroid cells. In order to

appreciate the importance of ALAS in the heme biosynthetic pathway and therefore the

reasons for pursuing these studies, an overview of erythroid differentiation and the current

understanding of the regulation of heme and globin gene synthesis is presented and

discussed.

I.2 HEMATOPOIESIS

Hematopoiesis is the process by which mature blood cells of distinct celi lineages,

including lymphoid cells, erythrocytes, monocytes/macrophages, neutrophils, basophiUmast

cells and megakaryocytes, are produced from pluripotent stem cells (Godin et al., 1993).

Hematopoiesis is confrolled by the stimuiation of pluripotent stem cells by growth factors

and regulatory nuclear transcription factors involved in the activation of lineage-specific

genes (Orkin, 1996). These stem cells must be produced continuously throughout the life

span of vertebrates and must be capable of self-maintenanca, self-renewal to generate

additional hematopoietic stem cells and the production of progenitor cell types (Orkin,

1,996). The distinct cell lineages reflect the genes expressed within these cell types.

Examination of the transcription factors responsible for the regulation of these genes has

provided a useful model for investigating the regulatory mechanisms governing the

generation of distinct differentiated cell types from a common progenitor cell. Critical

regulatory factors have been identified through the investigation of nuclear factors binding

to cis-acting regulatory elements in lineage-specific expressed genes, analysis of genes

aberrantly activated in leukemias and experimental models established by targeted gene

disruption.

The location of hernatopoiesis changes during vertebrate embryogenesis. In the

mammalian embryo, hematopoietic stem cells initially appear in the blood islands of the yolk

sac known as primitive hematopoiesis and in humans are detected at approximately 3 weeks

of gestation. The site of hematopoiesis changes from the yolk sac in the early embryo to the

fet¿l liver at approximately 5 weeks of development. Although it was initially thought that
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the hematopoietic stem cells migrated from the yolk sac to the fetal liver, recent evidence

has suggested that these cells may be derived from an intra-embryonic origin analogous to

the mesodermal region in the avian and amphibian systems which gives rise to definitive

adult hematopoietic stem cells (Godin et a1.,1993; Medvinsky et aI.,1993). The f,rnal site of

hematopoiesis is located in the bone marrow where hematopoietic stem cells migrate from

the fetal liver to the bone marrow and is the major site of hematopoiesis in the adult

(definitive hematopoiesis) and in humans, this fînal shift occurs during the third and firial

trimester (Karlsson & Nienhuis, 1985).

1.3 ERYTHROPOIESIS

The differentiation and maturation of circulating erythrocytes from pluripotent

hematopoietic progenitor cells is a process termed "erythropoiesis". The erythroid

progenitor cells and circulating erythrocytes have been termed the "erythron" to suggest

that they funcrion as an organ (Bessis et aI., 1983). As described in Section 1.2, the bone

marrow is the major site of erythropoiesis in the adult. Within the marrow, stromal

macrophages provide discrete niches known as "erythroblastic islands" where the complete

process of e¡ythroid differentiation occurs (Bessis et a\.,1983).

Following the commitment of pluripotent stem cells to the erythroid lineage,

erythroid progenitor cells progress through a series of morphologically distinct replicative

stages (see Fig. 1.1). Throughout this progression of maturation, these cells become

increasing specialised in their function to the point where the primary role of the erythrocyte

(the end stage of erythropoiesis) is the transport of oxygen around the body.

The giycoprotein erythropoietin, Epo, (MW 30.4 kDa) is synthesised predominantly

by the fetal liver and the adult kidney and is the major regulator of erythropoiesis (Jelkmann,

1992; Porter etal., 1993). Epo regulates the synthesis of erythrocytes by stimulating the

proliferation and differentiation of erythroid progenitor cells by a specific cell-surface

receptor known as the erythropoietin receptor (EpoR), a member of the cytokine receptor

family. As stimulation of progenitor cells by Epo must occur to enable differentiation along

the erythroid lineage it is not surprising that expression of this receptor is one of the earliest

markers of erythropoiesis (Penny & Forget, 1991; WickÍema et aI., 1992). Comrnitment to
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the erythroid lineage is associated with a dramatic increase in expression of the EpoR gene

resulting in an increase in the number of EpoRs on the cell surface (Herberlein et aI., 7992).

The binding of Epo to its receptor induces the formation of homodimers (Watowich et al.,

lgg1) and is an essential step in signal transduction flMatowich et aI.,1994). The activation

of the EpoR results in its rapid auto-phosphorylation (Dusanter-Fourt et al-, 1992) as well

as that of the cytoplasmic tyrosine kinase JAK2, a member of the Janus kinase (JAK) family

of tyrosine kinases flMitthuhn etal., 1993; Barber &D'Anðrea, 1994). Activated JAK2

phosphorylates both the EpoR and cellular substrates invoived in the regulation of gene

transcription (Ihle et al., 1994). The binding of Epo to its receptor also induces the tyrosine

phosphorylation of mitogen-activated protein (MAP) kinases (Miura et al., 1994) which are

involved in the phosphorylation of transcription factors, membrane proteins, cytoskeletal

and other protein kinases (Blenis, 1993; Crews & Erikson, 7993).

The earliest progenitor cells committed to the erythroid lineage are the erythroid

burst forming units (BFU-E) and are defined by their ability to create a "burst" consisting of

several hundred cells when plated on semi-sotid media (Bull er al., 1983). BFUs-E are

stimulated by interleukin-3 (IL-3) and granulocyte-macrophage colony-stimulating factor

(GM-CSF) leading to their proiiferation and differentiation into erythroid progenitor cells

(Metcalf et a1.,1986; Lopez et al., 1987). As differenúation proceeds, the late progenitor,

the colony fonning unit-erythroid (CFU-E), develops and is stimulated to differentiate into

the proerythroblast by Epo (Fig. 1.1). Epo has been shown to be vital for the viability,

proliferation and differentiation of the early erythroid progenitor BFUs-E and CFUs-E

(Jelkmann, 1992; Lim & Wintour, 1993). Subsequent to these steps, erythroid maturation

occurs by a series of four mitotic divisions during which the proerythroblast passes through

the morphologically defined stages of the basophilic erythroblast, the polychromatophilic

erythroblast and the orthochromatic erythroblast afær which ejection of the nucleus and

emergence of the reticulocyte occurs in a period of 72 hours (Fig. 1.1). During the erythroid

maturation period, the specialised structures required for the synthesis of hemoglobin,

enzymes and structural proteins including the rnitochondria, Golgi apparatus, polyribosomes

and siderosomes are detected. All of the enzymes of the heme biosynthetic pathway are

detectable during this period (Fig. 1.1) and, as discussed in Section 1.11, there is evidence

suggesting that heme itself, plays an essential role in the differentiation of the erythroid

lineage (Fukuda et al., 1993; 1994). Towards the end of the erythroid maturation period,
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Figure L.L Synthesis of Heme and Hemoglobin during erythropoiesis in the adult

bone marrow

Erythropoietin (Epo) stimulates the differentiation of the proerythroblast from BFU-E and

CFU-E, as well as the progression from the proerythroblast stage through four mitotic

divisions leading to the formation of the reticulocyte which is released into the circulation by

"diapedesis". Following the stimulation of the proerythroblast by Epo, there is an

appearance in all of the enzymes of the heme biosynthetic pathway. The induction of heme

synthesis promotes the synthesis and assembly of hemoglobin.
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the nuclei of the erythroblast cells condense, overall protein synthesis decreases, organelles

(including mitochondria) begin to degenerate and the diameter of the erythroblast is

significantly reduced as it develops from the proerythroblast (25pm) to the orthochromatic

erythroblast (9pm). Progressively, these cells exhibit a decreased dependence for

stimulation by Epo and this is also accompanied by a down-regulation in the expression of

the EpoR (Landschulz et a1.,1989). As a result of unequal cell division of the erythroblast,

the nucleus is phagocytosed and degraded by perisinal marrow macrophages, and the

reticulocyte is then released into the marrow capillary and the circulation in a process

known as "diapedesis" (Fig. 1.1). The final stage of erythroid maturation occur in the

circulation over a period of approximately 48 hours and involves the synthesis of the final

20Vo of hemogiobin in the erythrocyte and the ejection of the remaining organelles,

including mitochondria. Therefore as a result of the four mitotic divisions, 16 circulating

reticulocytes are generated per original proerythrobiast (Bessis et al., 1983; Lewis, 1990).

Approxirnately 90Vo of the total protein in the mature erythrocyte is comprised of

hemoglobin highlighting the prirnary functional role of this cell in the transport of oxygen. It

has been estimated that approximately 2x1011 erythrocytes enter the circulation each day,

where they remain for a period of up to 120 days and form the major proportion of celis in

the circulation (Bessis et a1.,1983; Eckardt & Bauer, 1989).

1.3.1 In vitro Models of Erythroid Differentiation

The development of transforrned erythroid celi lines which can be induced to

differentiate invitro and mirnic the changes seen during erythropoiesis, provide an excellent

model system in which to investigate the regulatory processes that occur during the latter

stages of erythroid differentiation. The most commonly used in vi¡ro rnodels are the Friend

virus-transformed murine erythroleukemic (MEL) cells (Friend et al., 1911) which are

considered to represent immature erythroid celis arrested at the proerythroblast stage. These

cells can be induced to undergo terminal erythroid differentiation by the addition of a variety

of agents including dimethyl sulfoxide (MøSO) (Friend et al., l97I),

hexamerhylenebisacetamide (HMBA) (Reuben et al., I916) and hemin (ferric

protoporphyrin IX) (Granick et al., 1978). Treatment of MEL cells with MerSO exhibits

many characteristics of the natural erythropoietic differentiation process over a period of

I
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3 to 6 days. These include a sequential increase in the enzymatic activities of the heme

biosynthetic pathway (Sassa, lg15) with genes being transcriptionally activated (Beaumont

et al., 1984: Romeo et al., 1986; Elferink et aI., 1988; Raich et al', 1989) and the

accumulation of cr- and B- globin mRNAs following an increase in their rates of gene

transcription (Ganguly & Skoultchi, 1985) resulting in hemoglobin synthesis.

In contrast to the MEL cell line which differentiates in response to chemical agents,

the murine J2]r- erythroid cell line can be induced to differentiate with the hormone

erythropoietin (Epo), the natural stimulator of erythroid differentiation in vivo and closely

resembles the natural process of erythropoiesis. This cell line was generated following the

invitro infection of murine fetal liver cells with a retrovirus containin9 raf and myc

oncogenes, which inhibit the spontaneous maturation of the erythroid cells (Klinken et al-,

1988). These J2E cells are immortalized at the proerythroblast stage of erythroid

differentiation and, following exposure to Epo, undergo a series of morphological and

biochemical changes including the transcriptional activation of the genes encoding enzymes

of the heme biosynthetic pathway and the globin genes, resulting in the synthesis of

hemoglobin, a reduction in cell volume and the spontaneous ejection of the condensed

nucleus over a 3 day period (Busfield & Klinken, 1992).

The human leukernic cell line K562, originally established from the pleural effusion

of a patient with chronic myelogenous leukemia (CML) in blast crisis (Lozzio et al.,1975),

has the porontial to differentiate along the erythroid, megakaryocytic or myeloid cell

lineages depending on the chemical inducer. Erythroid differentiation of the K562 cell line

can be induced by sodium butyrate (Andersson et aI., 1919) or hemin (Rutherford et al.,

1979;Benz et a1.,1980) and cells stained positive for hernogiobin synthesis.

L.3.2 Regulation of the Synthesis of Erythropoietin (Epo)

As mentioned previously, Epo is synthesised predominantly by the fetal liver and the

adult kidney, and is produced in response to tissue hypoxia; that is, low oxygen levels

(Graber &Krantz,1939) and can also be induced in animals treated with cobalt (II) chloride

(Goldwasser et aI., 1958). An undefined "oxygen sensory mechanism" is thought to be

located within the kidney which is responsible for monitoring the levels of oxygen,

influencing the synthesis of Epo and ultimately determining the extent of erythropoiesis

a
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(reviewed by Eckardt & Bauer, 1989). Goldberg et al. (1988) proposed that the oxygen

sensing protein may be a hemoprotein, since attempts to interfere with the synthesis of heme

affects the synthesis of Epo. They have proposed that the binding of oxygen to the heme

moiety of the hemoprotein would cause a conformational change and alter activity of the

hemoprotein. Therefore at low oxygen levels, the hemoprotein would be functionally active

resulting in increased Epo geno transcription. Conversely, at high oxygen levels, the

hemoprotein would be in an inactive conformation and Therefore would not activate Epo

gene transcription. Although a hemoprotein which is involved in controlling oxygen-related

gene expression in the nitrogen-fixing bacteria, Rhizobium meliloti (Gilles-Gonzakez et al.

1991) and in yeast (Hod ge et a\.,1939) have been isolated, a functionally equivalent protein

has not yet been identified in eukaryotes.

The synthesis of Epo is induced in the human hepatoma cell lines, HepG2 and

Hep3B in response to hypoxia or treatment with cobalt chloride (Goldberg et al.,

1987; 1988) and is regulated primarily at the level of gene transcription (Schuster et al.,

1989; Goldberg et aI., l99l). The use of these cell iines has provided an extremely valuable

in vitro system in which to investigate the mechanism responsible for the activation of Epo

gene expression. The promoter (Blanchard et aI., 7992) and the 3'-flanking ssquence (Pugh

et al., 1991; Blanchard et al., 1992; Semenza et al., 1992) of the Epo gene have been

implicated to play a role in the hypoxia-rnediated induction of the Epo gene. Transient

expression studies performed by Blanchard etal. (1992) demonstrated a coopgrative

interaction between these two regions of the Epo gene. The minimal sequence of the Epo

promoter required for hypoxia-mediated induction of a reporter gene was localised to a

region -118bp to -65bp upstream of the transcription initiation site (Blanchatd etal.,

lg92). Deletion analysis of the 3'-flanking sequence of the Epo gene resulted in the

identification of a 43 bp enhancer element located 120 bp downstream of the poly(A) tail

site of human Epo gene (Blanchard et a1.,1992). A hypoxia-induced DNA binding protein

designated HIF-1 (120 kDa) binds specifically to the 3'-enhancer of the Epo gene (Semenza

etaL, 1gg2) andisactivatedinarangeof hypoxia-inducedcelltypes flMang etaI., 1993).

HIF-I binding sites have also been identified in several hypoxia-inducible genes encoding

glycolytic enzymes and DNA sequences encompassing these binding sites confer

hypoxia-inducible reporter gene transcription (Semenza et al., 1994). Therefore these

results suggest thât HIF-1 not only functions as a physiological regulator of Epo gene
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transcription but may PlaY

hypoxia-responsive genes.

a central role in the transcriptional regulation of

The Epo promoter and 3'-enhancer also contain functional hexanucleotide

consensus nuclear receptor binding half sites. Transient transfection studies have

demonstrated that the orphan nuclear receptor, HNF-4, which binds an unknown ligand,

plays a critical role in the hypoxia-inducible expression of the Epo gene and that intact

binding sites in both the promoter and 3'-enhancer are required (Galson et al., 1995).

Interestingly, mutational analysis suggested a possible protein-protein interaction between

HIF-I and HNF-4, both of these sites are required forenhancer activity and this is currently

under investigation (Galson et a\.,1995).

In vivo analysis of the DNA-protein interactions on the human Epo enhancer

showed that both HIF-I and HNF-4 were bound under both normal and hypoxia-induced

conditions (Hu et at., 1997). However, under hypoxia conditions, a confonnational change

in the topography of the Epo enhancer was observed, suggesting a possible modification of

the HIF-I complex or a hormone-induced alteration of the receptor bound to the enhancer

(Hu er al.,1997).

I.4 SYNTHESIS OF HEMOGLOBIN

During erythropoiesis, large quantities of hernoglobin are synthesised and this

requires the coordinated production of heme molecules and globin poiypeptides. Similariy,

the production of heme itself requires the coordinated regulation of de novo protopoqphyrin

synthesis with the modulation of intracellular levels of iron. The mechanisms responsible for

iron uptake, storage and the maintenance of appropriate levels of intracellular iron are

discussed here prior to the regulation of gtobin gene expression.

1.4.1., Regulation of the Intracellular Levels of lron

Iron is critical for all living systems since it is an essential component of many

important iron-containing proteins involved in oxidative respiration, DNA synthesis and

cellular proliferation (Klausner etal., 1993).Iron in conjunction with oxygen potentially

results in the generation of harmful oxygen radicals that darnage cells. The effect of long
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term iron excess in the body results in massive cell and tissue darnage as is evident in

patients with hemochromatosis (Edwards et al., 1991). Therefore it is crucial to control

cellular levels of free iron yet remain capable of responding to the intracellular iron needs of

the various specialised cell types in the body.

Environmental iron in the ferrous state (Fe2*) is absorbed by the intestinal mucosal

cells and then oxidised to ferric iron (Fe3*) whereupon it is bound by transferrin, the major

iron-binding protein found in the serum. The associaúon of iron with transferrin overcomes

the low sotubility of iron and the generation of harmful oxygen radicals. The levei of

expression of specific receptors for the iron-transferrin complex (transferrin receptors) on

the cell surface dictates the level of targeting those cells with a requirement for iron uptake

and utilisation (reviewed by Harford et a1.,1991). This iron-transferrin-receptor complex is

then internalised in coated vesicles by receptor-mediated endocytosis, the iron released

within the endosornes following reduction to ferrous iron (Fe2*) and then transported into

the cytosol. Following the release of iron from the complexes, transferrin remains stably

bound to the transferrin receptor. This complex is then exocytosed and returned to the cell

surface where both transferrin and its receptor are recycled. Ferrous iron in the cytosol is

either transported to the mitochondria by an unknown mechanism and utilised in the

synthesis of heme or is stored in the cytosol within the multisubunit protein, ferritin. Ferriún

shells are composed of 24 subunits of heavy (H) and light (L) chains which are involved in

iron sequestration, detoxification and the mobilisation of excess intracellular iron

(Miz& Munro, 7987; Hentze et al., 1987; Leibold & Munro, 1988; Casey et al-, 1988;

Müllner et a1.,1989). The H and L chains of ferritin differ in their ability to mobilise the

stored iron. Consequently, the proportion of H and L chains in the shells varies depending

on the physiological conditions and the type of tissue (Arosio et aI., 1978). In erythroid

cel1s, ferritin shells are comprised of a higher proportion of the H chain of ferritin which are

thought to permit an increase in the traffic of intraceilular iron (Beaumont et al., 1989)

whereas, the L chain of ferritin is utilised for the long term storage of iron and accumulates

in the liver and spleen (Boyd et a1.,1985).

As mentioned, the number of transferrin receptors expressed on the cell surface

regulates the amount of iron imported into cells. These transmembrane glycoproteins are

expressed in almost all cell types, with a higher number of transferrin receptors expressed in

differentiating erythroid cells because of their large requirement for iron during the synthesis
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of heme. Intracellular levels of iron play an irnportant role in regulating of the numbers of

transferrin receptors expressed on the cell surface, Such that uptake is only proportional to

cellular demand. Treatment of cells with heme (Pelicci et aI., 1982; Ward et al., 1984) or

ferric ammonium citrate (Ward et al., 1982) results in elevated levels of iron and a decrease

in the number of transferrin receptors. Conversely, depletion of intracellular iron with iron

chelators such as desferrioxarnine results in a rapid increase in the number of transferrin

receptors (Bridges et al., 7984; Mattia et al., 1984; Rao et al., 1985)' Therefore by

inversely regulating the expression of the transferrin receptor (involved in iron uptake) and

positively that of ferritin (involved in mobilising excess intracellular iron), it is obvious that

cells would have the ability of rapidly responding to the fluctuaúng levels of intracellular

iron (Harford et a\.,1991).

In non-erythroid cells, the expression of the transferrin receptors and ferritin are

both regulated by the levels of intracellular iron at the post-transcriptional levei through

iron-responsive elements (IREs) located in the mRNAs. The IRE consists of a secondary

stem loop structure with the loop containing the consensus sequence 5'-CAGUGN-3', an

unpaired cytosine residue located five nucleotides 5' of this loop and an additionai base

paired stem structure (Casey et a1.,1938). A single IRE has been identified in the 5'-UTR

of the ferritin H and L subunit mRNAs whereas five IREs are located in the 3'-UTR of the

transferrin receptor mRNA (Klausner et al-, 1993).

IREs are bound by the cytosolic iron-responsive element binding protein (IRE-BP,

MW 90 kDa) whose affinity for the stem loop structure is directly modulated by the level of

free iron (Rouault et al., 19SS). The IRE-BP shares sequence homoiogy to the

mitochondrial enzyme, aconitase, which catalyses the conversion of citrate to isocitrate in

the second step of the tricarboxylic acid (TCA) cycle (Rouault et al., 1991; Hentze

& Argos, 1991; Lauble et al., 1992). Like the IRE-BP, aconitase contains an iron-sulfur

cluster that plays a critical role in the regulation of the enzyme's activity (Y:nn et al.,

1996a), the labile fourth iron atom of this iron-sulfur clusters acting as the "iron-sensing

csntre" (Rouault et al., t99l; Lauble et al., 1992; Klausîer et al., 1993). At low levels of

iron, the cytosolic IRE-BP specificatly binds to the single IRE in the 5'-UTR of the ferritin

mRNA and the five IREs in the 3'-UTR of the transferrin receptor mRNAs with high

affinity, inhibiting translation of fenitin mRNA and increasing the stability of transferrin

recepror mRNA (Theil et a1.,1990). The binding of the IRE-BP to the IRE in the S'-UTR
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of the ferritin mRNA is thought to sterically prevent the formation of a stable translation

initiation complex at the 7-methylguanine (m7G)-cap structure since an IRE only functions

when positioned within approximately 60 nucleotides from the cap (Goossen et al., t9901,

Goossen &Hettze, 1992; Bhasker et al., 1993). Conversely, at high levels of iron, the

IRE-BP exhibits a reduced binding affinity for the IREs in the fenitin and transferrin

receptor mRNAs, resulting in an increase in the synthesis of ferritin and a decrease in the

synthesis of transferrin receptor (Philpott et al',1993)'

Although, expression of the transferrin receptor and ferritin genes are regulated at

the post-transcriptional level in non-erythroid cells, it has been questioned whether there is a

similar mechanism responsible for the regulation of these genes in imrnature erythroid ceils

as these cells account for approximately 7\Vo of the total iron utilised in the body.

The expression of transferrin receptors is developmentally regulated during

erythroid maturation, with receptor numbers markedly increasing at the early phase of

erythroid development and then declining at the terminal stages of erythroid differenúation

to the point where they are absent in circulating erythrocytes (Nunez et al., 1977; Iacopettu

et al., 1982; Horton et aI., 1933). Northern blot analysis of Me2SO-induced MEL and

Epo-induce d JzE cell lines have also demonstrated a rapid increase ir the level of the

transferrin receptor mRNA with differentiation (Fuiita et al., 7997; Busfield et al., 1992)-

This increase in transferrin receptors precedes the incorporation of iron into heme yet

coincides with the induction of B-globin gene transcription (Bondurant et al., 1985).

However, studies performed in Me2SO-induced MEL cells (Chan et aI., 1994),

Epo-induced JzE cells (BusfieLd et at., 1993) and differentiating chick embryonic erythroid

cells (Chan et aI., lg92) have demonstrated that the increase in the number of transferrin

receptors occurred primarily as a result of an increase in gene transcription. Although, an

increase in the stability of the transferrin receptor mRNA was observed in both

Me2SO-induced MEL cells (Chan et al., 1994) and J2E cells induced to differentiate with

Epo (Klinken et al., 1993), this appeared to be independent of iron and the IRE-BP.

Analysis of the promoter and the intron 1 sequence of the mouse and chicken

transferrin receptor genes revealed numerous putative binding sites for GATA-I, CACCC

box bilding proteins and AP-1 which may be involved in the erythroid-specific upregulation

of the transferrin receptor gene (Chan & Shao, 1993) (see Section 1.5). However, the

11



functional role of these putative binding sites in the transcriptional regulation of the

transferrin receptor gene during erythroid differentiation remains to be detennined.

In contrast to the transferrin receptor whose expression is regulated prirnarily at the

transcriptional level in erythroid cells, evidence exists to suggest that expression of fenitin is

regulated at both the transcriptional and post-transcriptional level. Expression of the ferritin

H chain promoter in heme-treated Friend leukemia cells resulted in the identification of a

minimal region capable of conferring high level erythroid-specific expression. The elements

identified within this region included two binding sites for Spl and a CCAAT box binding

site (Marzi alt et al., l99l). The binding siæ for the heme-responsive factor corresponded to

the funcrional CCAAT box binding site and bound the ubiquitous factor, NF-Y, which is

composed of at least three subunits (4, B and C) (Coustry et al., 1995; Kim et aI., 1996b).

Transient transfection studies performed with a dominant negative mutant of NF-YA that

was capable of sequestering the NF-YB subunit and inhibiting binding to DNA, abolished

the heme-induced transcription of the ferritin H chain promoter indicating the critical role of

NF-Y in the activaúon of this promoter. Interestingly, expression of NF-YA itself increased

during the maturation of heme-induced erythroid cells (Marziali et al., 1991).In addition to

the functional role of the CCAAT box binding site in the transcriptional activation of the

fenitin H chain gene, an enhancer region has also been identified approximately 4.5 kb

upstream from the transcription initiation site which is responsible for the increased

transcription of this gene during erythropoiesis but the identity of the ftan.s-acting factors

that bind to this region have not yet been deterrnined (Beaumont et al.,I994a;1994b).

The mechanism responsible for the post-transcriptional regulation of ferritin in

non-erythroid cells is also thought to occur during erythropoiesis, since translation of the

ferritin mRNA can also be regulated by iron in MezSO-induced MEL cells (Melefors et al.,

1993).

1.4.2 The Globin Gene Cluster

The globin polypeptides are encoded by genes in two clusters, cr and B and each

cluster is composed of a small family of genes. The expression of the globin genes is

seiectively activated at a specific developmental stago and then subsequently repressed

following that stage in a process known as "developmental switching" involving the
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alternate expres$ion of embryonic, fetal and adult globins. As a result, different hemoglobin

tetramers are assembled within erythroid cells at different developmental stages (Orkin,

1995a) and this coincides with a change in the location of erythropoiesis during vertebrate

embryogenesis.

In mammals and avians, the ct- and p- globin gene clusters are encoded on separate

chromosomes but are located within a single region in frogs and fish (as reviewed by

Orkin, 1995a). The human cr- and p- globin gene clusters are located on chromosome 16

and 11, respectively. The cr-globin gene cluster is composed of three functional genes,

where the embryonic (() gene is located upstream of two duplicated adult a-globin genes

encompassing approximately 30 kb (Fig. 1.2). The p-globin gene cluster consists of hve

functional genes: an embryonic (e) gene, two duplicated fetal ('y) genes, and the minor ô-

and major adult B- globin genes spanning approximately 60 kb (Fig. 1.2).

As mentioned in Section 1.2, the yolk sac is the first site of erythropoiesis and

hemoglobin production. These first hemoglobins consist of tetramers composed of two (

-globin or two cr-globin polypeptides and two e-globin polypeptides, designated Ç2e2 and

dq72, îespectively. Expression of the (-globin gene gradually decreases while expression of

the a-globin gene increases. The change in the site of erythropoiesis from the yolk sac to

the fetal liver is accompanied by a decrease in e-globin gene expression and the activation of

the fetal l-globin gene, the major hemoglobin synthesised at this stage is fetal hemoglobin (

g,z"lù.As the final site of erythropoiesis changes from the fetal liver to the bone manow,

this stage is accompanied by a final switch in the expression of the globin genes. Expression

of the fetal 1-globin gene gradually decreases and expression of the ô- and p- globin genes

increase until approximately 98Vo of the total hemoglobin synthesised is hemoglobin A (azÞ

2) and approximately lVo is hemoglobin A2 (crzõz). However, a minor population of

erythroid cells which develop in the bone marrow continue to express the 1-globin gene and

these represent approximately lVo of total hemoglobin in adult blood (Stamatoyannopoulos

et aI.,1994; Donze et a1.,1995).
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Figure L.2 Structural Organisation of the cr' and p' globin gene clusters

The individual globin genes of each locus which are sequentially activated during

development are indicated. The erythroid-specific DNase I hypersensitivity site of the

g-globin locus, HS-40 is located upstream of the embryonic (() globin gene. The DNase I

hypersensitivity sites (HS) (arrowed) are located upstream of the embryonic (e) globin gene

in the B-globin locus. HS1-4 are erythroid-specific and comprise the Locus Control Region

(LCR) whereas HS5 is constitutive.
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1.4.3 Regulation of Globin Gene Expression

Expression of the genes from the cr- and B- globin gene clusters must be

coordinately regulated, since an excess of either type of globin chain can be cytotoxic

(Weatherall, l9g4). Extensive research has therefore concentrated on the molecular

mechanisms responsible for the specific transcriptional activation of these genes in

developing erythroid cells, and the switching of globin gene expression observed during

development. Consequently, the identification of the critical factors responsible for the high

level expression of the globin genes during erythroid differentiation has provided a model to

understand the mechanisms responsible for both the erythroid- and tissue- specific gene

expression in eukaryotes.

Initial studies which attempted to identify the c¿s'-elements responsible for

erythroid-specific expression of p-globin genes in erythroid progenitor cells focused on

DNA sequences residing upstream or downstream of the genes. Preliminary analysis of the

human B-globin sequences in transgenic mice showed extremely low but erythroid-specific

expression that was subject to extensive variation among transgenic lines. This variation

was attributable to the site of integration of the construct (Magrarn et al., 1985; Townes

et al., 1985) and suggested that critical crs-regulatory elements were absent from the

imrnediate 5' -flanking region.

DNase I hypersensitivity studies, which serve as an indicator of chromatin structure,

were performed in the mid-1980s and resulted in the identification of four erythroid-specific

DNaseI sensitiveregions (5'HS 1-4), located approximately 11 to 18kb upstream of the e

-globin gene (Tuan et a1.,1985; Forrester et a\.,1986). These have collectively been termed

the Locus Control Region (LCR) (Fig. 1.2). An additional DNase I hypersensitive site

present in both erythroid and non-erythroid tissues was identified upstream of these four

erythroid-specific sites. Grosveld et al. (1937) linked the four erythroid-specific

hypersensitivity sites upstream of the human B-globin gene and created transgenic mice.

Analysis of the expression of the human B-globin transgene in these mice revealed a

high-level of expression which was erythroid-specific, and independent of the site of

integration. The LCR is also capable of inducing high level tissue-specific expression of the

u-globin gene (Hanscombe et al., 1939) and heterologous promoters such as the Herpes

thymidine kinase promoter linked to a G418R gene @lom-van Assendelft et aI., 1989).
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Naturally occurring deleúons which eliminated this hypersensitivity region but left

the globin genes intact, were associated with a failure to activate the intact cis-linked genes

of the B-globin gene cluster in either fetal or adult erythroid cells (Driscoli et aI', 1989;

Kioussis et aL,1983), with a dramatic alteration in the chromatin structure spanning at least

200 kb downstream of the deletion and timing of DNA replication (Forrester et al., 1990).

In conclusion, the generation of transgenic mice and analysis of naturally occurring

deletions of these erythroid-specific hypersensitivity sites, demonstrated the functional

importance of these sequences in conferring high level erythroid-specific expression.

The LCR was initially proposed to serve a dual function. Firstly, the LCR "opens" a

chromosomal domain of the entire p-globin locus specifically in erythroid cells to permit

expression of downstream genes, and overcomes integration site position effects (Caterina

et al., 1994a). Secondly, the LCR is thought to function as an extremely powerful

erythroid-specific enhancer that stimulates globin gene expression. However, evidence

exists to dispure this model (lMalters et al., 1995; Martin eî a1.,1996; Milotet al., 1996i.

Sutherland et aI., 1997). A "binary" model has been proposed suggesting that the primary

role of the LCR is to establish and possibly maintain domains permissive for transcription

rather tha¡ functioning to increase the rate of gene transcription (Walters et a1.,1995).

The individual sites of the LCR of the B-globin locus have been assayed in a nurnber

of expression systems with varying results suggesting that these have different functional

capabiliúes. The individual elements of the LCR (HS2, HS3 and HS4) are all capable of

conferring high-level tissue-specific transcription when linked to human B-globin genes in

transgenic mice (Curtin et a1.,1989; Ryan ef a1.,7989; Ney ef a1.,7990; Talbot et al.,1990;

Pruzina et aI., 1991; Talbot & Grosveld, 1991; Lloyd et al., 1992; Morley et al., 1992;

Caterina et al.,1994a). Fraser et al. (7990) demonstrated that the individuai sites HS1, HS2

and HS3 provide position-independent, copy-number dependent expression and both HS2

and HS3 are required for full expression of the human B-globin gene in transgenic mice.

Expression studies performed in stably transformed MEL cells have demonstrated that HS2

and HS3 are both capable of directing high levels of inducible B-globin expression while

HS1 and HS4 give reduced levels of activity (Collis et a1.,1990).

The role of the HSs in the switching of globin gene expression during development

has also been examined and each site shown to be functionally distinct. Fraser et al. (7993)
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examined the effect of each HS on the developmental expression pattern of the human y-

and B- globin genes in transgenic mice. The expression of HS1 is low but both HSl and

HS2 express either the y- or B- globin transgenes throughout development. However'

neither site is capable of driving y-globin expression in the fetal liver. HS4 exhibits low

transcriptional activity during the embryonic and fetal stages but shows the highest level of

activity during the adult stage. In contrast, HS3 is the most active during the embryonic

period and preferentially activates the 1-globin gene rather than the B-globin gene in

erythrocytes derived from the yolk sacs and fetal livers of transgenic mice.

To investigate the functional roles of HS2 and HS3 in. vivo, each site was deleted by

homologous recombination in murine embryonic stem cells and the phenotype of the mice

examined. The replacement of HS2 with the selectable marker gene, neomycin

phosphotransferase, resulted tn a 2-5 fold reduction in the expression of most of the genes

in the locus, with a more dramatic reduction in expression (10-12 fold) observed with the

embryonic e-globin gene (Fierirrg et al., 1995). However, this mutation did not alter the

timing of expression of the globin genes during development. Hug et al. (1996) examined

the effect of a targeted deletion of the endogenous HS3 region in rnice. Only a marginal

reduction in the expression of the ernbryonic globin gene, bh1 (which is developmentally

equivalent to the humær 1-globin gene) was observed and expression of the B-globin gene in

adult anirnals was reduced by approximately 307o (Hug et a\.,1996). This frnding suggested

that although HS3 is required for approxirnately 30Vo of the total LCR activity associated

with adult B-globin gene expression in adult erythrocytes it rnay not be be essential for

embryonic e-globin gene expression or can be rescued by another HS within the LCR.

A positive regulatory elernent sirnilar to the LCR of the B-globin gene cluster has

also been identified by erythroid-specific DNase I hypersensitivity mapping within the

human a-globin gene cluster (termed HS-40) (Higgs et a1.,1990) Ftg. 1.2). This element is

located approxirnately 40 kb upstrearn of the human embryonic (-globin gene and functions

as an enhancer element in both stable erythroid cell lines and in transiently transfected cells

during erythroid differenúation (Pondel et a|.,1992; Ren et a\.,1993; Sharpe et aL.,1993a).

Analysis of the HS-40 enhancer in transgenic mice has demonstrated that it is also capable

of facilitating expression of linked globin genes (Higgs et aI., 1990). In contrast to the p

-globin LCR, the HS-40 does not ensure copy-nurnber dependent and position independent
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expression (Sharpe et al., 1993b). Gourdon et aI. (7994) recently reported the successfui

introduction of a 70 kb fragment of DNA containing the human (- and cr- globin genes

linked to the HS-40 element in transgenic mice. However, expression of the human cr

-globin transgene was significantly lower in cornparison to the endogenous cr-globin gene in

these transgenic mice. Consequently, it is possible that cis-acting elements located further

upstream of HS-40 may be responsible for stable, copy number dependent expression of the

a-globil gene cluster and have not been identified due to the technical difficulty of

analysing large segments of DNA in transgenic mice.

Studies performed by Bernet et aI. (1995) in which the HS-40 of the ø-globin locus

was inactivated by homologous recombination in a murine erythroleukemia hybrid cell line

containing a single copy of human chromosome 16, demonstrated that the HS-40 was

capable of functioning as a strong inducible enhancer of hurnan cr-globin gene expression.

However, deletion of HS-40 did not appear to affect chromatin structure, which is in direct

contrast to results obtained following deletion of the B-globin LCR.

The functional importance of HS-40 in a-globin gene expression is also apparent in

the analysis of patients with c-thalassemias. ln these patients, naturally occurring deletions

upstream of the a-globin gene cluster which also remove the HS-40 region are responsible

for the abolished activity of the cr-globin genes (Hatton et a1.,1990; Liebhaber et al., 1990).

The differences observed between the functional enhancers of the c¡c- and B- globin

gene clusters may be attributable to differences in chromatin context, but remains to be

resolved (Vyas et al., 1992; Raich et al., 1993). Extensive research has focused on

identifying the specific DNA sequences located within the enhancer elements responsible for

the erythroid-specific expression of the cr- and B- globin gene cluster. The functional

enhancer activity of the LCR elements is thought to be mediated through their interaction

with both cell-specific and ubiquitous nuclear proteins. These nuclear regulatory proteirs

which interact with the DNA sequences located in the LCRs and promoters of the globin

genes have been characterised by in vitro DNA binding assays. Only three DNA binding

sites: GATA, which binds the erythroid-enriched factor GATA-I (Martin et aI., 1990), an

AP-l-like motif, which binds the erythroid-enriched factor, NF-82 (Andrews et al.,1993a);

and the CACCC/GTGGG motif; which binds Sp1 (Kadonaga et al., 1987) and Spl-related

proteins (Hartzog & Myers, 1993), have been consistently identified within the core regions
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of the LCRs (Ney e/ aI., 1990; Talbot et aI., 1990, Philipsen et aI., 1990; Strauss et al.,

1992; Zhang et a\.,1993). Interestingly, the GATA and CACCC sites, but not NF-E2, are

also present in the globin promoters (deBoer et a1.,1988; Gong et al., 1991) and all three

sites are found in only a limited number of other erythroid-expressed gene promoters which

have been examined including the genes for human erythroid PBGD (the third enzyme of

the heme biosynthetic pathway) (Mignotte et al., 1989a), ferrochelatase (Tugores et al-,

1994) and carbonic anhydrase II (Disela et aI-,1991).

Studies aimed at the identification of specific elements located within the LCR which

are responsible for the erythroid-specific enhancer activity have revealed that an AP-l motif

of HS2 is essential (Ney e/ aI.,1990; Talbot et a1.,1991). The position-independent activity

observed wirh HS2 (Ellis er aL., 1993) and HS3 (Philipsen et al., 1993) are associated with

GATA and CACCC sites. The formation of human HS4 requires the presence of both

GATA and AP-1 like binding sites at a specific spacing (Stamatoyannopoulos et a1.,1995).

Transient transfection studies performed by Walters et al. (1992) demonstrated that only a

combination of GATA motifs with CACCC or AP-l sites permitted the erythroid-specific

expression of an artificial promoter construct.

Consequently, during erythroid differentiation, a common set of transcription factors

may be involved in the coordinated synthesis of the heme pathway enzymes and globin, as

well as other erythroid-specific genes. The predominant erythroid-enriched nuclear DNA

binding proteins involved in this process (are summarised in Table 1) and are discussed in

detail in the following section.

1.5 TRANS.ACTING FACTORS INVOLVED IN ERYTHROID.SPECTFIC

GENE EXPRESSION

1.5.1 GATA-1

GATA-1 (formerly known as eryf1, NF-EI and GF-1) was initially identified as a

zinc-finger containing nuclear protein that binds the consensus sequence

5' (T/A)GATA(A/G) 3' in the promoters of erythroid-expressed genes (Orkin, I995a;

1995b). Ir was rhe founding member of a family of GATA factors (GATA-I to GATA-6),

many of which were first demonstrated in chickens by Yamarnoto et aI. (1990). These

proteins all recognise the core GATA consensus sequence but have distinguishable binding
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Table 1 Transcription factors and other regulatory proteins in erythroid cells

A summary of the transcription factors involved in the regulation of erythroid cell-specifrc

genes. The class of transcrþtion factor, their DNA recognition motif and their composition

are indicated.



Transcription Factor

GATA-1

NF-E2

EKLF

Thyroid hormone receptor

SCL

Ets

Class

GATA finger

basic leucine zipper

Krüppel zinc finger

zinc finger

winged helix{u rn-helix

basic helix-loop-helix

Binding Site

(A/r) GArA (A/G)

(ric) rGcrGA (cic) rcA (r/c)

ccNcNcccN

(AGGT (C/A) A),

(A/C) GGA (A/r)

CAGATG

Rbtn2 LIM domain protein unknown



specificities (Merika & Orkin, 1993; Ko & Engel, 1993) and distinctive tissue-restricted

expression profiles (Yamamoto et a1.,1990; Orkin,7992; Laverriere et aI', 1994)'

Structural analysis of the members of the GATA family revealed two higtrly

conserved zinc fingers, Cys-X2-Cys-X17-Cys-Xz-Cys (Evans & Felsenfeld, 1989) which are

both involved in DNA recognition but are functionally distinct (Martin & Orkin, 1990;

yang & Evans, lgg}). Mutational analysis showed that the C-terminal finger was critical for

sequence-specific DNA-binding activity and recognises the consensus GATA rnotif- In

contrast, the highly related N-terminal finger is unable to bind DNA by itself but plays a role

in DNA binding by affecting the stability of the DNA-protein complex interaction. GATA

proteins identified tn Aspergillzs (Kudla et aI., 1990), Neurospora (Fu et al., 1990) and

Saccharomyces cerevislae (Cunningham et aI., 1991) all contain only a single zinc finger

that is almost identical to the C-terminal finger of vertebrate GATA proteins demonstrating

the critical role of this region in DNA binding.

The GATA-I mRNA, is highly expressed in erythroid cells, and in two highly related

hematopoietic cell lineages, mast and megakaryocyte cells, (Martin et aI., 1990; Romeo

et a1.,1990), as well as in eosinophils (Zon et aI., 1993) and at low levels in multipotential

hematopoietic progenitor cells. This suggests that initiation of GATA-1 expression occurs

at the multipotential progenitor stage and may be selectively switched off in specific cell

lineages (Sposi et al., 1992; Cums et al., 1994). Expression of GATA-1 has also been

detected in the Sertoli cells of the testis (Ito et al., 1993), with initiation of transcription

from an upstream promoter. In addition, RNA splicing generates a protein identical to

GATA-I present in erythroid cells, infening a functional role in gene transcription in the

Sertoli cells (Ito et aI.,1993).

The expression pattern of GATA-2 is extremely similar to GATA-I in

hematopoietic lineages (Martin et aI., 1990; Romeo et aI., 1990; Yamamoto et al., 1990)

but is also found in endothelial cells (Dorfman et aI., 1992) and embryonic brain

(Yamarnoto et al., 1990). Expression of GATA-2 tn early erythroid precursor cells is

thought to promote cellular proliferation (Briegel et al., 1993) and expression is then

subsequently down-regulated during erythroid differentiation (Leonard et al., 1993)

possibly by GATA-I (Weiss etø1., 1994). GATA-3 is highly abundant in Tlymphocytes

(Joulin et a1.,1991) and developing neural tissue (Yamamoto et al., 1990). The rernaining

members of the GATA farnily, GATA-4 to -6 are expressed in non-hematopoietic lineages.

19



GATA-4 is expressed in the developing heart, prirnitive endoderm, intestinal epitheliurn and

gonads (Arceci et al., 1993; Kelley et al., 7993; Laverriere et al., 1994)' GATA-5 and

GATA-6, isolated from chickens, are also expressed in the heart, gut and gonads

(Laverriere et al., 1994).

The distribution of the GATA-binding proteins in various tissues has suggested that

these may function in distinct tissue-speci.fic roles and this may be determined by the unique

primary structure of each GATA family member. Alternativeiy, the tissue-specific function

of the GATA factors may be soleiy determined by their timing and tissue-specific expression

pattern.

Gene targeting experiments in murine embryonic stem cells and the generation of

chimeric animals demonstrated that GATA-I is essential for nonnal erythropoiesis (Pevney

et a1.,1991). GATA-1 deficient embryonic stem cells contributed to all non-hematopoietic

tissues examined in the chirneric mice but not to mature erythroid cells. The role of

GATA-I during erythroid development has also been invesúgated by the invitro

differentiation of these GATA-I deficient embryonic stem cells.'|he invito dlfferentiation

of embryonic stem cells give rise to embryoid bodies containing various committed cell

types including hematopoietic precursors (Doetschman et al., 1985). The formation of

embryoid bodies from GATA-I deficient embryonic stem cells demonstrated that mature

eryrhroid cells were absent and expression of the globin mRNAs of either the primitive (()

or definitive lineages (B) were nearly undetectable (Simon et al., 1992). However, the

phenotype of the GATA-I deficient embryonic stem cells could be rescued foliowing the

introduction of an intact GATA-I gene (Sirnon et al., 1992). Disaggregation of the

GATA-I deficient embryoid bodies and subsequent replating during their maturation,

demonstrated that these cells are capable of forming definitive erythroid colonies containing

cells blocked at the proerythroblast stage SMeiss et aI., 1994).Interestingly, expression of

GATA-2 at this stage is markedly elevated in comparison to wild-type, and globin mRNAs

are expressed at near normal levels suggesting that GATA-2 can partially compensate for

the absence of GATA-1 unúl the late stage of erythroid development and that GATA-1 may

be required to prevent apoptosis (V/eiss et al., 1995). In sirnilar experiments, BIobeI et al.

(1995) demonstrated that the chicken GATA-I, which is highly divergent outside of the

zinc finger region (Trainor et al., 1990), could rescue GATA-I deficiency to a similar

degree as murine GATA-I. Similar results were obtained using GATA-3 and GATA-4
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which are normally expressed in different tissues to GATA-I (Blobel et aI-, 1995)- These

results suggest rhat the GATA-I zinc finger does not impart erythroid-specificity invivo

although a specific role for other regions unique to GATA-1 cannot be excluded. Pevney

etaI. (1995) used invitro differentiation assays of yolk sac or fetal liver-derived

hematopoietic cells isolated from chimeric GATA-1 deficient mice to examine the role of

GATA-1 in the differentiation of megakaryocytes and mast cells. In contrast to the essential

role of GATA-I in erythroid differentiation, megakaryocyte and mast cell lineages are able

to complete the differentiation process in the absence of GATA-I (Pevney et al., 1995)

suggesting that GATA-2 which is also expressed in these lineages, may be functionally

equivalent to GATA-1. Further evidence which supports the view that these GATA proteins

are interchangeable was provided by Visvader et aI. (1992; 1993) who demonstrated that

forced expression of GATA-1, GATA-2 or GATA-3 was capable of inducing

megakaryocytic differentiation in an early myeloid cell line. In contrast, GATA-2 but not

GATA-I or GATA-3, has been shown to be essential in maintaining chicken erythroid cell

precursors in a proliferative state (Briegel et aI., 7993). Although invitro studies support

the interchangeability of the GATA proteins, GATA-I is essential for nonnal erythroid

differentiati on in v iv o.

The role of GATA-I in the regulation of erythroid-specific genes is likely to extend

beyond DNA binding and involve protein-protein interactions with other transcription

factors to facilitate DNA looping in promoter-enhancer interactions. Crossley et aI. (1995)

demonstrated that GATA-I is capable of forming homodimers with itself or heterodimers

with GATA-Z or GATA-3 and this is mediated through a region located within the

C-terminal zinc finger. GATA-I is also capable of physically interacting with the Krüppel

proteins Spl and EKLF through this region, âs are GATA-2 and GATA-3 with Spl

(Merika & Orkin, 1995). The physical interaction observed between members of the GATA

farnily with the Krüppel family of transcription factors irnplies an important and possibly

general mechanism which may be utilised in gene regulation involving only a small subset of

transcription factors.
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1.5.2 NF-82

The erythroid-enriched factor, NF-E2 which binds the following consensus sequence

5' (T/C)GCTGA(C/G)TCA(TiC) 3' (Andrews et aI., t993a) has been identified in the

LCRs of the cr- and B- globin gene clusters and is responsible for their enhancer activities

(Ney e/ al., 7990; Talbot et al., 1990; 7997; Strauss et aI., 1992:' Zhang et al', 1995)'

Binding sites have also been identified in the erythroid promoter of human PBGD (Mignotte

et a1.,1989a) and the ferrochelatase promoter (Tugores et aL., 1994). NF-E2 was purified

from murine erythroleukemia cells and is an obligate heterodimer composed of two novel

basic leucine zipper proteins, p45 and p18 (Andrews ¿/ aI., 1993a; 1993b). The larger

subunit, designated p45, is restricted in its expression to cells of the hematopoietic lineage,

namely hematopoietic progenitor, erythroid, megakaryocyte and mast cells and is strikingly

similar to the tissue distribution of GATA-I (Andrews et aI., 1993a). The DNA binding

domain of p45 shares extensive homology to two members of the basic leucine zipper family

identified tn Drosophila, cnc (cap'n collar) and in Caenorhabditis elegans, skn-1, involved

in head segmentation (Mohler et al., 1991) and blastomere fate determination (Bowerman

et al.,lgg}), respectively. Additional proteins related to NF-E2 in the DNA-binding domain

include the yeast factors, Nrfl (Chan et al., 1993a) and Nrf2 (Moi er al., 7994) and the

human LCR-FI (Caterina et al.,1994b).

In contrast to the larger p45 subunit of NF-E2, p18 is ubiquitously expressed

(Andrews et aI., 1993b) and is highly related to the chicken oncogene v-mnf (Nishizawa

et a1.,1939) and human retinal protein, NRL (Swaroop et al., 1992) and are members of

the rutf subfamily. Additional merrbers of the mnf slbfarnily include mafF, mafG and mafK

which contain the DNA-binding domain but lack a transactivation domain. These small maf

proteins are capable of forming heterodimers with p45 and activate transcription of a

reporter gene in transient transfection assays (Igarashi et aI., 1994). In contrast, the

formation of homodimers of p18 or other small maf proteins capable of binding to the

NF-E2 motif, repress transcriptional activation of a reporter gene (Igarashi ¿r al., 1994) and

may also be involved in regulating gene transcription in.vivo.

Evidence supporting the role of NF-E2 in enhancer-dependent globin transcription

has been obtained from in vitro studies. The MEL cell line, CB3, transformed by the Friend

murine leukemia virus, does not express the NF-E2 p45 protein due to the integration of

viral sequences within the NF-E2 p45 gene (Lu etal., 1994). Expression of the a- and B-
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globin genes are also markedly reduced in these cells but can be parúally rescued following

the introduction of a retroviral vector containing the NF-E2 p45 oDNA. Kotkow et aI'

(1995) created a dominant negative mutant of p18 unable to bind DNA but capable of

forming heterodimers with p45. When stably transfected in MEL cells, this mutant resulted

in reduced levels of functional NF-E2 protein and globin gene expression. The introduction

of a tethered p45-p18 NF-E2 construct into these cells (or the MEL CB3 cell line lacking

endogenous NF-E2) returned expression of the globin genes to wild-type levels (Kotkow

et a1.,1995).

To investigate the role that NF-E2 plays in the formation of HS2 in the B-globin

LCR, Armstrong and Emerson (1996) used an invitro Drosoph.ila chromatin assembly

system. Purified recombinant NF-E2 (p45 and p18) was shown to be capable of fonning a

DNaseI hypersensitive site at HS2 invitro as observed invivo. NF-E2 is therefore

apparently able to disrupt local nucleosome organisation in a process that is ATP dependent

(Armstrong & Emerson, 1996). Other ATP-dependent factors capable of remodelling

chromatin invi¡o have been reported, including the human (Kwon et al., 1994) and yeast

(Cote et aI., 1994) SWI/SNF, and Drosopl¿il¿ NURF (Tsukiyama et al., 1995). However,

whether NF-82 can interact with these chromatin remodelling factors remains to be

elucidated. The disruption of nucleosomes by NF-E2 also facilitates the binding of GATA-1

ro inverted GATA motifs located approximaiely 60 bp downstream of the NF-E2 site

(Armstrong & Emerson, 1996). Interestingly, the presence of both NF-E2 and GATA

motifs are required for the formation of HS4 in the human B-globin LCR

(Stamatoyannopoulos et a1.,1995). Similarly positioned NF-82 and GATA motifs have also

been identified in the human B-globin HSl and HS3, murine HS2, HS3 and HS4 and

chicken B-globin enhancer (Starnatoyannopoulos et a1.,1995) suggesting that a mechanism

conserved among species may be utilised to create these hypersensitivity sites.

To investigate the invivo role of p45 and p18, the genes encoding these proteins

were each disrupted by homologous recombination in embryonic stem cells. Examination of

mice lackin1 p45 revealed that these mice failed to produce platelets (Shivdasani etal.,

1995c) but, surprisingly, erythroid development proceeded in a sirnilar illanner to that

observed in wild-type mice. In p45 knockout mice, appropriate switching of fetal to adult

globin was observed during development, expression of the o- and B- globin genes were

similar to wild-type and hemoglobin content was only marginally reduced (Shivdasani et al.,
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1995b). Similarly, mice lacking p18 exhibited normal erythroid and megakaryocytrc

development and were indistinguishable frorn wild-type (Kotkow et al., 1996). Thus, in

contrast to invitro studies which established that NF-E2 was essential for globin gene

expression, examination of the role of p45 and p18 in vivo demonstrated that these factors

were not essential for erythroid development and suggested that other related factors

possibly AP-l, may compensate in their absence.

1.5.3 EKLF

The erythroid Krüppel-like transcription factor (EKLF) was isolated from a murine

erythroleukemia cell line, using the method of subtractive hybridisation (Miller & Bieker,

I9g3). Expression of EKLF rnRNA is restricted to tissues of the erythroid lineage and is

barely detectable in mast cells in contrast to that of GATA-I mRNA (Miller & Bieker,

1993).

EKLF protein consists of a proline-rich amino acid domain at the amino-terminus

and contains three TFIIIA-likeztnc fingers at the carboxyl terminus, corresponding to the

acrivation and DNA-binding domains, respectively (Miller & Bieker, 1993; Bieker &

Southwood, 1995). As its name suggests, these zinc fingers also exhibit extensive homology

to members of the Krüppel family of transcription factors (Miller & Bieker, 1993). EKLF is

capable of binding to, and activating transcription frotn, the CACCC site

(5' CCACACCCT 3') located at -90 bp from the transcription iniúation site in the human

and murine adult B-globin promoters (Milier & Bieker, 1993). Functional CACCC sites

have also been identified in the promoters of many erythroid-expressed genes, including

PBGD (Mignotte et al., 1989b), GATA-I (Tsai er al., I99l) and the EpoR (Zon et al.,

1991), and EKLF may represent a candidate nuclear factor involved in the transcriptional

activation of these erythroid-specific genes. However, other members of the Krüppel family

of transcription factors, including the ubiquitously expressed Spl (Kadonaga et al., l98l),

and the basic Krüppel-like factor, BKLF (Crossley et al., 1996) are also capable of binding

to the same target sequence in vitro (Hartzog & Myers, 1993; Crossley et al., 1996).

In support of a major role in the erythroid-specific transcriptional activation through

these CACCC sequences, EKLF is expressed throughout erythroid development even as the

site of erythropoiesis changes from the yolk sac to fetal liver and finally the bone manow
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(Southwoo d et aI., 1996). Additional in vivo and, ín vitro evidence has been detennine from

naturally occurring mutations in the CACCC site in the human B-globin promoter. These

mutations result in a mild to severe degree of B-thalassemia due to a reduction in B-globin

gene expression (Orkin et al., 1984; Kulozik et al., 1991) and the abilty of EKLF to

transactivate a reporter plasmid containing these mutations is also markediy reduced (Feng

et al.,1994).

Bieker and Southwood (1995) demonstrated that the proline-rich region of EKLF

when fused to a GAL4 DNA-binding domain effrciently transactivated a reporter plasmid

containing a GN-4 DNA binding site in non-erythroid cells and was critical for the

activation of the B-globin promoter by the LCR in erythroid cells. Co-transfection assays

performed with exogenously expressed EKLF demonstrated that EKLF preferentially

activared the human B-globin promoter (1000-fold) in comparison to the human fetal 1

-globin promoter (3-fold) which contains a mismatch in the EKLF binding site. These

studies suggested a possible role for EKLF in the switching of giobin gene expression

during development (Donze et a1.,1995).

To investigate the role of EKLF invivo, mice were created which were deficient in

EKLF by gene targeting experiments (Nuez et al., 1995l' Perkins et al., 1995).

Erythropoiesis in the yolk sac appeared normal in homozygous EKLF knockout mice.

However, as the site of erythropoiesis switched to the fetal liver at day 11.5, these embryos

failed to express the adult B-globin genes and died from anemia at approximately day 15.

Examination of fetal liver cells from these mice revealed increased levels of iron in Küpffer

cells and erythroblasts and a reduced level of B-globin transcripts in comparison to cr-globin

transcripts (Nuez et al., 1995; Perkins eÍ al., 1995). These are characteristic features

observed in B-thalassernia patients. Wijgerde et al. (i996) investigated the role of EKLF in

the switching of the human B-globin genes in EKLF null mice containing the entire human B

-gtobin locus. In the absence of EKLF, expression of human B-globin gene was undetectable

and was associated with a decrease in the sensitivity of the B-globin promoter to DNase I,

strikingly the LCR was unaffected by the lack of EKLF (Wiigerde et al., 1996).In contrast,

expression of the ^y-globin gene increased approximately 3-5 -fold in comparison to

heterozygous or wild-type mice and the DNase I hypersensitivity of the "y-globin promoter
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was increased in EKLF null mice. These studies suggested that EKLF may be involved in

the both the formation of chromatin structure and expression of the B-globin promoter.

An intriguing problem associated with the EKLF protein which is expressed

throughout development, is understanding how this protein is capable of functioning at a

specific úme during erythropoiesis.

Chen and Bieker (1996) examined the proline-rich activation region of EKLF and

identified an activation domain and an inhibitory domain located at the amino- and carboxyl-

rermini, respectively. The inhibitory domain of EKLF may be capable of exerting its

function by interfering with efficient DNA binding, however, following activation of the

protein, may undergo a conformational change resulting in an ability to bind DNA. A

number of putative phosphorylaúon sites within EKLF have been identified which may play

a role in the activation of EKLF (Chen & Bieker, 1996).

EKLF may also function in a cooperative fashion with other transcription factors.

Merika and Orkin (1995) demonstrated that the zinc finger domain of EKLF is capable of

interacting with the zinc finger domain of GATA-I. The physical association of EKLF and

GATA-I results in the synergistic activation of a promoter containing binding sites for these

proreins in vitro (Merika & Orkin, 1995; Gregory et al., 7996) suggesting an important role

in erythroid-specific gene activation and a mechanism by which sequences located within the

promoter and enhancer regions of erythroid-specific genes such as CACCC and GATA sites

may interact.

1.5.4 Thyroid Hormone RecePtor:

The thyroid hormone receptor (Sap er al., 1986; Weinberger et al., 1986) is a

member of the nuclear receptor family of ligand-dependent transcription factors that control

development and homeostasis through the activation and repression of gene transcrþtion.

The transcriptional activation of target genes by steroid hormones require the binding of a

ligand-activated receptor to the steroid-hormone response element located within the

regulatory region of the target gene. The binding of the steroid hormone receptor to the

DNA binding element is mediated by a highly conserved double zinc finger region identified

in all members of the steroid hormone receptor family (Miller et al., 1985). Steroid hormone
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roceptors contain distinct functional domains responsible for DNA binding, transcriptional

activation as well as heterodimerisation and homodimerisation.

There are two major classes of the thyroid hormone receptor, TRa and TRB

encoded by the human c-erbAa gene and the c-erbAþ gene, respectively, located on

different chromosomes (V/einberger et a1.,1986; Thompson et a1.,1987). Multþle isoforms

of TRcr are generated by alternaûve splicing; al is a thyroid hormone receptor whereas cx2

is unable to bind thyroid hormone (Izurno et al., 1988; Lazat et aI-, 1988; 1989a;

Mitsuhashi et al., 1988). Multiple isoforms of TRB are also generated from the c-erbAB

gene, Bl and þ2 (Weinberger et a1.,1986; Koenig et a1.,1988; Hodin et al., 1989). Another

member of the thyroid hormone receptor family, Rev-ErbAs (Rev) is encoded at the c-erbA

cr locus and is transcribed in the opposite direction to the c-erbAs mRNA (Lazar et aI.,

1989b).

The thyroid hormone receptor is capable of forming homodimers or heterodirners

with retinoid X receptors (Berrodin et al., 1992 Sugawara et al., 1993) and the retinoic

acid receptor (Glass et a1.,1939). The formation of heterodimers enhance the binding of the

thyroid hormone receptor to the TRE and may piay an important role in regulation of gene

transcription by thyroid honnone. Mutational analysis of TREs and comparison of TREs

frorn thyroid hormone responsive gene! have suggested that thyroid hormone receptors bind

to a hexamer half-site sequence of 5' AGGT(C/ÐA 3' (Brent et al., 1989) but this can vary

slightly in nucleotide sequence. Thyroid hormone receptors can bind to TREs in which the

half sites are arranged as palindroÍres, direct repeats or inverted palindrornes. The distance

between such half sites can also vary and may influence transcriptional activation (Yen

et al.,1994).

The thyroid hormone receptor is capable of binding to a TRE in the absence of

ligand to repress gene transcription, and the addition of thyroid hormone relieves repression

(Chambon, 1994; Mangelsdorf et al., 1995). The repressive activity of the thyroid hormone

receptor is dependent on the binding of the corepressor, N-CoR to the CoR-box located in

the ligand binding domain of the thyroid hormone receptor (Horlein et aL, 1995). Mutations

in the receptor that inhibit the binding of N-CoR do not affect receptor DNA binding or

ligand-dependent transactivation but inhibit repressor function (Horlein et aI., 1995). These

findings suggest that N-CoR may be involved in mediating ligand-independent
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transcrþtional repression. N-CoR is associated with two other corepressor factors, mSIN3

and the mamrnalian histone deacetylase, mRPD3 (Alland et a1.,7997; Heinzel et al' 1997),

and a model has been proposed by Wolfe (1997) to explain how repression of gene

transcription is relieved by histone deacetylases. In the absence of thyroid hormone, the

thyroid hormone receptor binds to nucleosomal DNA and targets histone deacetylation

resulting in the repression of gene transcription. However, histone acetylases are recruited

in the presence of thyroid hormone resulting in the alleviation of repressed gene

transcription @olfe, 1997).

The oncoprotein, v-erbA is a highly mutated version of its cellular homologue, TRo

1 and is one of two oncogenes of the avian erythroblastosis virus (AEV) that causes

erythroleukemia and fibrosarcomas in chickens (Debuire et al., 1984). Comparison of the

arnino acid sequence of the chicken TRcrl and v-erbA proteins have revealed multiple

differences; two changes are located within the DNA binding domain of the protein, nine in

the hormone binding domain and small deletions in the amino- and carboxyl- termini (Sap

et aI., 1986; Munoz et aI., 19SS). As a result, the v-erbA oncoprotein expressed in

mammalian cells is unable to bind thyroid hormone but is still capable of binding DNA in a

sequence-specific manner (Darnm et a1.,1989; Sap er a1.,1989)-

Expression of the v-erbA oncoprotein in erythroblasts blocks erythroid

differentiation and suppresses erythrocyte specific gene transcription in chicks, including

transcription of the band 3, carbonic anhydrase II (CAII) and ALAS2 genes which are

normally upregulated during erythroid differentiation (Zenke et al., 1988). Overexpression

of the thyroid hormone receptor by a retrovirus in erythroid cells induces these cells to

differentiate into erythrocytes in the presence of thyroid hormone but erythroid

differentiation and expression of erythrocyte specific genes are inhibited in the absence of

thyroid hormone (Zenke et a1.,1990). Consequently, v-erbA has lost the ability to regulate

gene transcription in the presence of thyroid hormone and instead constitutively binds DNA

and represses transcription. Disela et aI. (1997) identified a motif at -660 bp in the ca¡bonic

anhydrase II promoter capable of binding either c-erbA or v-erbA, and which was

responsible for the down-regulation of carbonic anhydrase II gene transcription by the

v-erbA oncoprotein. Interestingly, this erbA binding site exhibited sequence homology to

the binding site for NF-E2 suggesting a possible role for these two factors in the

erythroid-specific regulation of the carbonic anhydrase II gene (Disela et aL., 1991).
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1.5.5 Ets Gene Famity of Transcription Factors

The founding member of the Ets family of transcription factors is the oncoprotein

v-ets, discovered as part of a fusion protein with v-myb in the E'26 avian leukemia retrovirus

which can transform cells of both erythroid and myeloid cell lineages in vitro (LePrince

et al., 1983; Nunn et al., 1983; Bettg et al., 1984). The cellula¡ hornologue of the v-ets

protein is ets-1 (Leprince et al., 1983; Watson ¿t al., 1988) and numerous ets-related

proteins have since been identified in species ranging from humans to Drosophila- Each of

these proteins share sequence similarity to what is known as the 'ets domain', an 85 amino

acid sequence that is responsible for DNA binding (Nye er al., 1992). Ets proteins recognise

rhe purine rich core motif 5' (A/C)GGA(A/T) 3' identified in the control regions of specific

target genes and can function as transcriptional activators in cooperation with other

transcription factors (V/asylyk et al-, 1993).

The expression of Ets proteins has been demonstrated in cells of the hematopoietic

Iineage and several lines of evidence suggest that Ets proteins may be involved in

erythropoiesis. Examination of various Ets family mRNAs in erythroid cells by Northern

blor analysis have shown that significant levels of Fli-l and Spi-liPU.l rnRNAs are

expressed in both fetal liver and MEL cells, with negligible levels of ets-1 or ets-2 mRNAs.

In contrast, K562 cells express very low levels of ets-2 and Spi-l/PU.1 mRNAs whereas the

human erythroleukemic (HEL) cell line expresses detectable levels of all four ets mRNAs

(O'Prey et a\.,1993).

The p.26 virus causes erythroid and myeloid leukemias. In contrast, F'26 viruses

containing mutations in the v-ets region are only capable of transforming rnyeloid cells but

not erythroid cells invitro (Nunn et al., 1939). A temperature-sensitive mutant of 826,

rs1.1, that contains a point mutation in the DNA binding domain of the v-ets protein, shows

reduced DNA binding at the non-permissive temperature of 42oC (Golay et al., 1988; Kraut

etal., 1994). Multipotent hematopoietic progenitor cells transformed with rs1.1 can be

induced to differentiate along the erythroid and myeloid lineages following a shift to the

non-permissive temperature suggesting that the ets portion of the vMyb-vEts fusion protein

of 826 may inhibit the lineage commitment of multþotent hematopoieúc progenitor cells

(Kraut et a1.,1994).
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Studies performed by Metz and Graf (1991a; 1991b) have also demonstrated the

requirement for a functional interaction between v-myb and v-ets in the transformation of

erythroblast-like cells. Retroviral constructs expressing either v-myb or v-ets only weakly

transform erythroblast-like cells invitro. In contrast, viruses encoding a single molecule

containing the DNA binding domains of v-myb and v-ets and the t¡ansactivation domain of

v-Myb are sufficient to induce leukemia. The v-ets oncoprotein is also capable of

cooperating with the oncoprotein, v-erbA, resulting in erythroleukemia in chick embryos

(Metz & Graf, 1992). Consequently, v-ets is capable of transforming erythroid cells by itself

but when in cooperation with v-myb or v-erbA can enhance the transformation potential of

these oncoproteins.

This cooperation of v-ets with v-myb and v-erbA suggests that they may regulate

specific target genes (Metz & Graf, l99la 1991b; 1992). Aurigemrna et al.(1992)

demonstrared that the Myb-Ets fusion protein of the }l4E26 virus is capable of directly

transactivating the GATA-1 promoter, suggesting that these proteins may be involved in the

activation of GATA-I in vivo. Overexpression of MafB, an AP-l-like protein, in

erythroblasts inhibits transactivation of the transferrin receptor gene by ets-l and this is

mediated by the interaction of the DNA binding domains of these two proteins (Sieweke

et aI., 1996).Interestingly, over-expression of the MafB protein, which is usually restricted

to myeloid cells, can inhibit erythroid differentiation and repress expression of the genes

encoding PBGD, transferrin roceptor, and the o- and B- globins. These findings suggest that

the interaction of MafB with ets-l may represent a possible mechanism for repressing

erythroid-specific genes in myeloid cells (Sieweke et a1.,1996).

Studies of murine erythroleukemia cells transformed by the Friend virus, which is

composed of a complex of a replication defective spleen focus-forming virus (SFFV) and

the replication competent Friend murine leukemia virus (F-MuLV), have indicated a

possible role for two members of the ets family, Fli- 1 and Spi- 1/PU. 1 , in erythropoiesis. The

Fli-1 locus is rearranged in approximately l5Vo of erythroleukemias induced bythe Friend

murine leukemia virus (Ben-David et aI., 1991). Similarly, Moreau-Gachelin et al. (7988)

demonstrated that the SFFV has integrated upstream of the Spi-I/PU.1 locus in at least

90% of the MEL cell lines examined, resulting in elevated levels of Spi-1 rnRNA in

comparison to the very low levels detected in normal differentiating erythroblasts (Galson er

al., 1993). Conversely, Northern blot analysis of MezSO-inducible MEL cells has shown
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that the level of Spi-1 mRNA is rapidly reduced to approximately 20Vo of the uninduced

level before cells become committed to differentiate (Galson et al., 1993). Retroviral

constructs expressing the ets factor, PU.l, can also immortalise erythroblasts (Schuetze

etal., lgg3). These results suggest.that PU.l may interfere with the commitment of

erythroblasts to differentiate and chemicals that reduce expression of PU.l can reinstate the

erythropoietic program. Therefore Ets may be an inhibitor of erythroid-specific gene

expresslon.

1.5.6 SCL and Rbtn2

The SCL and Rbtn2 oncogenes were initially identified on the basis of chromosomal

t¡anslocations in human T cell leukemias (Boehm et aI., 1988; Begley et aI., 1989; Chen

et a1.,1990; Sanchez-Garcia & Rabbitts, 1993). Gene targeúng studies have demonstrated

that expression of both SCL and Rbtn2 are essential for erythroid development flMarren

et a1.,7994; Robb et a1.,1995; Shivdasani et a1.,1995a).

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

factors (Begley et a1.,1989; Chen et a1.,1990). Expression of this factor is largely restricted

to hematopoietic tissues where its expression precedes or parallels the sites of

hematopoiesis (Kallianp\r et al., 1994). SCL mRNA is detected in multipotential myeloid

and erythroid precursor cells, mast and megakaryocytic cells but is absent in T and B cells

(Green et a1.,1991; Visvader et a1.,7991; Mouthon et a1.,1993; Kallianpur et a1.,1994).

Several lines of evidence have demonstrated a role for SCL in erythroid

development. Expression of SCL is transcriptionally upregulated in differentiating

Me2SO-induced MEL (Visvader et a\.,1991; Aplan et a1.,1992) and Epo-induced JZE ceIL

lines (Prasad et al., 1995). In addition, the introduction of antisense SCL constructs into

MEL cells can inhibit erythroid differentiation (Aplan et al., 1992). In turn, the murine

proxirnal SCL promoter contains a functional GATA-I binding site and responds to

exogenously expressed GATA-I suggesting that GATA-I may be involved in the

transcriptional upregulation of SCL during erythroid differentiation (Aplan et al., 1992).

Gene targeting experiments have demonstrated that SCL is essential for embryonic

erythropoiesis (Robb etal., 1995; Shivdasani etal., 1995a). Invitro differentiation

experiments performed with SCL null ernbryonic stem cells have also demonstrated that
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these cells do not give rise to precursor or mature hematopoietic cells of any lineage but

could be phenotypically rescued following the introduction of a oDNA encoding SCL

(Porcher et a1.,1996).

Rbtn2 contains a cysteine-rich zinc finger-like LIM domain (Sanchez-Garcia

& Rabbitts, 1993). Expression of Rbtn2 is restricted to the erythroid lineage and gene

targeting studies have demonstrated that Rbtn2 is essential for erythroid development

(Warren et aI., lgg4).Interestingly, the absence of Rbtn2 mimics the effects observed with

the loss of either SCL or GATA-I (Pevney et al., 1991; Robb et aI., 1995; Shivdasani

et a1.,1995a). Complexes of Rbtn2 and SCL have been detected in the nuclei of erythroid

cells (Valge-Archer et aI., 1994) and this is thought to be mediated by an association of the

bHLH porrion of SCL and the LIM domain of Rbtn2 (Wadman et al., 1994). Rbtn2 can

also physically interact with GATA-I and GATA-2 (Osada et aI., 1995). Although Rbtn2

has not been demonstrated to bind DNA with sequence-specificity, the possible interaction

of Rbtn2 with SCL or GATA-I may result in the generation of a transcriptional complex

responsible for the activation of erythroid-specific target genes. The target genes that are

regulated by SCL and Rbtn2 are currently under investigation and the relative levels of

these erythroid regulatory complexes within these cells may influence erythroid

differentiaúon.

I.6 THE HEME BIOSYNTHETIC PATHWAY

In eukaryotic cells, the heme biosyntheúc pathway is comprised of eight nuclear

encoded enzytnes (Fig. 1.3). The first enzyme and the last three enzymes of the pathway,

are localised in the mitochondria while the intermediate steps of the heme biosynthetic

pathway are performed by enzymes that are located in the cytosol. The reason for the

compartmentalisation of these enzymes is unknown but may reflect substrate availability, for

example, one of the substrates for 5-aminolevulinate synthase (ALAS), the first enzyme of

the heme biosynthetic pathway is succinyl-coenzyme A (succinyl-CoA) which is only

located in the mitochondria.

ALAS is synthesised as a precursor protein which is processed into the mature

enzyme as it traverses the mitochondrial membrane, to its site of action on the matrix side of
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Figure 1.3 The Heme Biosynthetic Pathway in Non'Plant Eukaryotes

The enzymes catalysing each of the eight steps of the heme biosynthetic pathway and their

subcellular compartmentalisation, and the intermediaæs of heme biosynthesis are indicated.

The following abbreviations have been used: ALAS, 5-aminolevulinate synthase; ALA,

5-aminolevulinic acid; ALAD, 5-aminolevulinate dehydratase; PBG, porphobilinogen;

PBGD, porphobilinogen deaminase; UROS, uroporphyrinogen III synthase; UROGEN,

uroporphyrinogen III; UROD, uroporphyrinogen III decarboxylase; COPROGEN,

coproporphyrinogen Itr; CPX, coproporphyrinogen III oxidase; PROTO'GEN ffl,

protoporphyrinogen Itr; PPOX, protoporphyrinogen oxidase; A, acetate; M, methyl; P,

propionate and V, vinyl.
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the inner mitochondrial membrane. ALAS is a pyridoxal phosphate-dependent enzyme that

catalyses the condensation of glycine and succinyl-CoA to form 5-aminolevulinic acid

(ALA) which is then transported to the cytosol. The first cytosolic eîzyme of the heme

biosynthetic pathway, 5-aminolevulinate dehydratase (ALAD), then catalyses the

condensaúon of two ALA molecules to form the pyrrole porphobilinogen (PBG). The

enzyme porphobilinogen deaminase (PBGD) polymerises four PBG molecules to form a

highly unstable linea¡ tetrapyrrole, hydroxymethylbilane which is then cyclised by

uroporphyrinogen III synthase (UROS) to generate the ring tetrapyrrole

uroporphyrinogen III (UROGEN). In the absence of this enzyme, the unstable intermediate

cyclises non-enzymatically to give the isomer uroporphyrinogen I which has no known

biological function. The decarboxylation of UROGEN to coproporphyrinogen III

(COPROGEN) by uroporphryinogen decarboxylase (UROD) is the final cytosolic step of

the heme biosynthetic pathway. COPROGEN is transported to the mitochondria where

coproporphyrinogen III oxidase (CPX), located in the intermembrane space of the

mitochondria, converts COPROGEN to protoporphyrinogen III. Protoporphyrinogen III is

then oxidised by the enzyme, protoporphyrinogen III oxidase (PPOX). Unusually, PPOX

does not contain an apparent leader sequence for mitochondrial targeting (Nishimura et al.,

1995) and import, yet is located in the inner mitochondrial membrane where it forms

protoporphyrin IX. The hnal step in the heme biosynthetic pathway is the insertion of

ferrous iron into protoporphyrin IX by ferrochelatase, also located in the inner

mitochondrial membrane, with the resulting compound being heme. As previously

mentioned, heme is either utilised for mitochondrial respiratory cytochromes and P450s, or

is transported out of the mitochondrion to other cellular locations, for example lysosomes,

or into a cytosolic pool for assembly into hemoglobin. Although, the mechanism responsible

for the transport of heme and its precursors from the mitochondrion to the cytosol is

unknown (Müller-Eberhard & Fraig, 1993; Smith, 1990), a candidate mitochondrial

membrane protein has been recently identified and may be involved in the transport process

(Taketani et al., 1994).
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"1,.7 ALAS

1.7.1 Structure and Properties of ALAS

ALAS activity was initially described in bacterial (Kikuchi et al., 1958) and avian

erythrocytic (Gibson et aI., 1953) extracts. Although the ALAS enzyme has since been

purified from a number of prokaryotic and eukaryotic sources, molecular studies of the

enzyme have been directed towards the eukaryotic ALAS enzymes (Warnick et al., I9l7;

Srivastava et a1.,1982; Volland & Felix, 1984; Borthwick et al., 7986).

Eukaryotic ALAS is a nuclear-encoded enzyme, localised to the matrix side of the

inner mitochondrial membrane by imrnuno-gold tabetling studies (Rohde et al., 1990).

ALAS is synthesised in the cytosol as a precursor protein which contains a signal sequence

responsible for targeting the precursor protein to the mitochondria (Kikuchi & Hayashi,

1981). This signal sequence is then cleaved to generate the mature ALAS protein (Pirola

et a1.,1986). In contrast, the bacterial ALAS protein lacks a signal sequence (May et aI.,

1995). Electron microscopy and cross-linking studies established that the purified chicken

liver mitochondrial ALAS enzyme is probably composed of a homodimer of two identical

subunits (Pirola et a\.,1984).

The condensation of glycine and succinyl-CoA by ALAS is critically dependent on

the cofactor, pyridoxal phosphate (PLP) which is a derivative of pyridoxine (vitamin B6).

Studies performed with purified bacterial ALAS (Nandi, 1978) and chicken liver ALAS

(Pirola, 1986) demonstrated that PLP forms a Schiff base with a lysine residue located in

the catalytically active domain of the ALAS protein (Feneira et aI., 1993). A glycine-rich

motif has also been identified in all ALAS proteins examined and resembles the GXGXXG

sequence corresponding to the active site of other PlP-dependent enzyrnes and rnay interact

with the phosphate moiety of the cofactor (Marceau et al-,1990).

1.7.2 Isozymes of ALAS

There are two closely related isozymes of ALAS in vertebrates, designated ALAS1

and ALAS2 which are encoded by separate genes located on different chromosomes

(Sutherland et a\.,1988; Cox et a1.,1990; Bishop et aI., 1990). The housekeeping enzymo,

ALASI, is probably expressed in all tissues to provide heme for respiratory cytochromes,
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whereas the erythroid-specific eîzyme, ALAS2, is involved in synthesising the large

amounrs of heme required during erythropoiesis (Elliott et a1.,1989; Cox et al., 1991; May

et a1.,1995).

The synthesis of ALAS1 can be induced by porphyrinogenic drugs including

phenobarbital and repressed by heme in the liver (Granick, 1966; Srivastava et al., 1988;

1990). In contrast, the synthesis of ALAS2 is unresponsive to porphyrinogenic drugs, is

developmentally regulated and markedly increased during erythropoiesis to meet the

demand for heme during hemoglobin production (May et al., 7995). The mechanisms

responsible for the regulation of the ALASl and ALAS2 isozymes are described in detail in

Section 1.8 and 1.9, respectivelY.

The ALAS isozymes can be divided into three regions based on their functional role.

To highlight these regions, the deduced amino acid sequence of the human ALAS1 (Bishop

et a1.,1990) and ALAS2 (Cox et a1.,1990) precursor proteins were aligned with that of the

chicken (Borthwick et a1.,1935) and rat (Srivastava et al., 1988) ALAS1, chicken (Riddle

et a1.,1939) and mouse (Schoenhaut & Curtis, 1989) ALAS2 precursor proteins and ALAS

proteins from yeast (Urban-Grimal et aI., 1986) and prokaryotic (McCluîg et aI., 1987;

Leong et a\.,1985; Elliot et a\.,1989) sources (Fig. 1.4).

Region I corresponds to the signal sequence responsibie for the transport of the

precursor ALAS enzyme from the cytoplasm to the mitochondria. The chicken and rat

ALASI precursor proteins have N-terminal sequences of 56 amino acids, with the

proteolytic cleavage siæ located between two glutamine residues at positions 61 and 62

(Maguire et al., 1986; Srivastava et aI., 1988). Therefore the conesponding proteolytic

cleavage site in the human ALAS1 precursor can also be predicted to be located between

these two glutamine residues resulting in a signal sequence of 56 amino acids (Cox et al.,

1991). From the sequence alignment, the cleavage site for the ALAS2 precursor protein is

predicted to reside between a serine and glutamine residue (as indicated in Fig. 1.4), with a

signal sequence of 49 amino acids (Cox etal., 1991). Therefore the size of the mature

mitochondrial forms of the human ALAS1 and ALAS2 proteins are 64.4 kDa and 59.5 kDa,

respectively (Cox et al., 7991). Although a different cleavage site has been postulated for

the mouse ALAS2 precursor protein (Schoenhaut & Curtis, 1986), the signal sequence of

both the human and mouse ALAS2 enzymes exhibit significant amino acid similarity. In

contrast, the signal sequence of the chicken ALAS2 enzyme Giddle et aI., 1989) more
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Figure 1.4 Comparison of Amino Acid Sequence of Eukaryotic and Prokaryotic

ALAS proteins

Comparison of the amino acid sequence of eukaryotic and prokaryotic ALAS proteins from

cDNA clones or direct sequencing. Region 2 found in the mature eukaryotic ALAS protein

but not in the prokaryotic ALAS protein is shaded. The amino acid sequences used for this

comparison were obtained from the following sources: 1) rat ALASI, Srivastava et aI.

(1938); 2) human ALAS2, Cox et al. (1991);3) human ALASI, Bawden et aL (1987); a\

chicken ALAS1, Borthwick et al. (1985); 5) chicken ALAS2, Riddle et al. (1989); 6) mouse

ALAS2, Schoenhaut & Curtis (1986); 7) Saccharomyces cerevisiae, Urban-GrimaJ et al.

(1986); 8) Bradyrhizobium japonicum, McClung et al. (1987); 9\ Rhizobium meliloti,

Leong et aI. (1985); 10) Rhodopseudomonas spheroides, Elliott et al. (1989). The predicted

proteolytic cleavage site in the precursor ALAS2 isozyme is located between position 61

and 62 and is arrowed. The lysine residue involved in the Schiff base linkage with the PLP

cofactor is shaded and indicated with a star.
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closely resembles the chicken ALAS1 enzyme (Borthwick et al., 1985) rather than the

mouse or human ALAS2 enzymes (Cox et a1.,1997) (Fig. 1.4)-

The amino acid sequence comparison reveals a significant degree of similarity

between the C-terminal region of the eukaryotic ALAS protein and the complete bacterial

ALAS proteins which lack a signal sequence (Fig. 1.a). The N-terminus of this highly

conserved domain corresponds to the N-termini of the bacterial ALAS enzymes (Elliott

et al., 1989) and therefore must contain the catalyúcaliy active domain of the eukaryotic

ALAS enzyme (designated as Region 3). This C-terminai region of the vertebrate protein is

comprised of approximafely 440 amino acids and represents 757o of the mature protein.

Amino acid sequence comparison of region 3 from the human ALASl and ALAS2 enzymes

and the mouse ALAS2 enzyme revealed 73% idenrjrty between the human ALAS1 and

ALAS2 proteins and 94Vo identity between the human and mouse ALAS2 proteins (Cox

et a1.,1991) (Fig. 1.4).

The remaining region of the mature ALAS protein, located between the signal

sequence and the cataiytic domain is designated region 2. Region 2 of the mature human

ALAS2 enzyme is 47 amino acids shorter than that for human ALASI and exhibits limited

sequence similarity (Fig. 1.a). Although the human and mouse ALAS2 proteins closely

resemble each other in this region, the chicken ALAS2 protein exhibits only limited

sequence similarity to either of these erythroid isozymes. The function of region 2 remains

to be determined although it has been postulated to serve a regulatory role because of its

conservation (May et a1.,1995).

1.7.3 Structural Organisation of the ALAS1 and ALAS2 Genes

The exon-intron organisation of the chicken (Maguire et al., 1986) and rat

(Yomogida et al., 1993) ALAS1 genes and the chicken (Lirn et aL., 7994), mouse

(Schoenhaut & Curtis, 1986) and human (Conboy et al., 1992) ALAS2 genes have been

determined (Fig. 1.5). Comparison of the genomic organisation of the ALAS genes from

various species revealed that they are remarkably conserved and are composed of 10 coding

exons and one 5'-untranslated exon. The exception is the chicken ALAS1 gene which is

comprised of only 10 coding exons, lacking the intron located in the 5'-untranslated region

of the other ALAS genes (May et a1.,1995)'
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Figure L.5 Structural Organisation of the Genes for ALAS1 and ALAS2

Structural organisation of the genes for ALAS1 and Ar'AS2' Exons are numbered' The

ATG initiation codon and the TAA termination codon are shown. The proposed functional

roles of the exons are indicated. The alternative splicing pattern for human ALAS2 is also

shown.
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The genomic organisation of these ALAS genes also correlates well with the

putative functional domains of the ALAS protein as described in Sectionl.7.2. The first

exon of the ALAS2 gene is non-coding and is highly conserved in all three species. This

exon contains an iron-responsive element involved in the post-trarìscriptional regulation of

the ALAS2 gene (See Section 1.9.2). As seen in Fig. 1.5, region 1, corresponding to the

mitochondrial signal sequence of the ALAS enzyme is encoded by exon 2. Region 2,

comprising the N-terminal region of the mature ALAS2 protein, is encoded by exons 3

and 4. The proposed catalytic domain of the mature ALAS enzyme (region 3) is encoded by

exons 5 to 11.

The structural conservation of the housekeeping and erythroid ALAS genes indicate

that these two genes have evolved from a common ancestral gene, possibly with the loss of

an intron in the 5'-untranslated region of the chicken ALAS1 gene. The evolution of two

genes encoding ALAS would accommodate the distinct regulatory requirements for the

synthesis of the ALAS enzyme in erythroid and non-erythroid cells.

Interestingly, two isoforms of mouse ALAS transcripts are generated by alternative

splicing of exon 3 (Schoenhaut & Curús, 1939). Two potential splice acceptor sites

(dinucleotide AG) are present within the mouse exon 3 (Schoenhaut & Curtis, 1989). The

major upstream site constitutes approximately 85Vo of total ALAS2 transcripts whereas the

minor downstream site comprises the remaining I5Vo of transcripts (Schoenhaut & Curtis,

1939). In the human ALAS2 sequence, an A to G substitution at the downstream splice

acceptor site eliminates the possibility of alternative splicing within exon 3 while the

remaining upstream splice acceptor site is functional (Conboy et al., 1992). An A to T

substitution (ATAG) identified at the upstream splice acceptor in the human ALAS2

sequence also more closely resembles the consensus N(TiC)AG splice site in comparison to

the mouse (TAAG) ALAS2 sequence. In support of these molecular observations, analysis

of the human erythroid ALAS mRNA by polymerase chain reaction did not reveal the

isoforms detected in the mouse, instead alternative splicing of exon 4 was observed

(Conboy et aI., 1992). The two isoforms of the human ALAS2 mRNA are expressed

throughout erythroid cell differentiation including the early and late erythroid precursor cells

and are also detected in the human fetal liver, adult bone marrow and peripheral blood

reticulocytes (Conboy et aI., 1992). Notably, the alternative splicing of exon 4 was

restricted to the human ALAS2 transcrþt and was not observed in the ALAS2 transcripts
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of the mouse or dog. This finding demonstrates species-specific alternative splicing of the

ALAS2 transcript, indicating that this mechanism has occurred following the divergence of

the human, mouse and dog (Conboy et a1.,1992).

Although, the functional implications of the alternative splicing of exon 4 in the

human ALAS2 transcript remain unclear, it is interesting to note that exon 4 resides within

region 2 whose functional role has not yet been defined (Fig. 1.5). If this region is

functionally indepensable, the species-specific splicing may represent neutral intennediates

in ALAS gene evolution (Cox et al., 1991). Alternatively, region 2 may function to

modulate regions I or 3 involved in mitochondrial transport and catalysis since the presence

or absence of exon 4 may alter the tertiary structure of the ALAS protein (Cox et al.,

19e1).

1.8 REGULATION OF ALAS1 GENE EXPRESSION IN HEPATIC TISSUE

ALASI, initially isolated from the liver, is probably expressed in all tissues to supply

heme for mitochondrial respiratory cytochromes and other cellular heme containing proteins

(May et aI., 1995). The regulation of heme biosynthesis has been extensively studied in

hepatic tissue, where activity of ALAS can be induced by porphyrinogenic drugs and

repressed by heme (Granick, 1966; Srivastava et aI., 1988; 1990). Therefore expression of

the ALASl gene is subjected to a negative feedback control mechanism where its synthesis

is regulated by the end product of the heme biosynthetic pathway, heme. The transcription

factors responsible for the basal expression of this gene in various tissues and the

mechanisms responsible for drug inducúon and heme-mediated repression of the ALAS1

gene are discussed.

1.8.1 Ttanscriptional Regulation of the ALAS1 Gene

To investigate the regulatory sequences required for the basal expression of the rat

ALAS1 gene, transient expression studies were performed in different cell types with

various lengths of the rat ALAS1 5'-flanking sequence and the first intron which is located

in the j'-UTR of the rat ALAS1 gene (Braidofrí ü aI., 7993). Maximal expression was

obtained with sequences located in the promoter region to -479 bp upstream of the
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transcrþtion initiation site and the inclusion of intron 1 substantially increased this

expression. Sequence analysis of the rat ALAS 1 promoter resulted in the identificaúon of

two putative binding sites for nuclear respiratory factor 1 (NRF-l) located at -59 bp and

-88 bp (Braidoni et a1.,1993). Funcúonal binding sites for NRF-1 have been identified in

the promoters of genes encoding mitochondrial proteins involved in oxidative

phosphorylation, including cytochrome c, cytochrome c oxidase subunit VIc, ubiquinone-

binding protein and the ATP synthase y-subunit (Virbasius ¿/ al., 1993). Therefore to

ensure an adequate supply of heme for respiratory cytochromes, NRF-1 may be involved in

coordinating expression of these respiratory chain subunits with the rate-limiting enzyme of

the heme biosynthetic pathway, ALAS. Indeed, gel shift assays and mutational analysis

demonstrated the functional importance of both these NRF-I binding sites in ALASI

promoter expression. Binding sites for NRF-I have also been identified in the promoters of

the human and chicken ALASI genes higtrlighting a likely conserved role for NRF-I in

basal expression. In contrast to the identification of functional binding sites for NRF-1 in the

promoters of the rat, human and chicken ALAS1 genes, binding sites for NRF-I have not

been identified in the promoter of the ALAS2 gene or in the promoters of ALAD (Kaya

et al., l9g4), PBGD (Chretien et aI., 1988), uroporphyrinogen deòarboxylase (Romana

et a1.,1987) or ferrochelatase (Taketani et a1.,1992)-

The induction of hepatic ALAS observed in chick embryo liver (Hansen et al.,

1989), chick embryo hepatocytes (Hamilton et aI., 1992; Dogra et al., 1993) and rat liver

(Srivastava et a|.,1983) following treatment with porphyrinogenic drugs occurs at the level

of transcription. However, the mechanism responsible for the increase in ALAS1 gene

transcription remains to be elucidated. Transient expression studies performed in chick

embryo hepatocytes with 10 kb of S'-flanking and 9 kb of 3'-flanking chicken ALAS1

sequence fused to a reporter gene were not rnduced with phenobarbital (Sadlon, 1997). This

result indicated that the drug-responsive enhancer element either does not reside within the

5'- or 3'- flanking sequence or may require the appropriate chromatin configuration or is

located elsewhere within the ALAS1 gene. Although the identity of the transcripúon factors

involved in the transcrþtional activation of the ALAS1 gene by drugs are unknown, recent

evidence has suggested a possible role for phosphorylation. Studies performed by Dogra

et aI. (1996) with 2-aminopurine, an inhibitor of serine/threonine kinases, inærfered with the

phenobarbital induction of the chicken ALASl gene in chick embryo hepatocytes. Therefore
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it has been proposed that phenobarbital may be involved in the activation of a kinase

resulting in the phosphorylation of a transcription factor involved in the activation of the

ALASl gene in hepatocytes (Dogra et a1.,1996).

In the liver, drugs that induce expression of ALAS1 also induce specific cytochrome

p450s which are responsible for the "solubilisation" of drugs to facilitate their excretion in

the urine (Gonzu\ez, 1939). Cytochrome P450s are heme-containing proteins and it has

been estimated that at least half of the heme synthesised in the liver is utilised by these

cytochrome P450s. Therefore the coordinated regulation of ALASl and the genes encoding

the drug-inducible cytochrome P450s would ensure the continued supply of heme for these

heme-containing proteins. It was initially proposed that pre-existing levels of heme were

utilised by the drug-induced cytochrome P450s and thereby reducing the level of heme

which in turn resulted in derepression of ALASI transcription and an increase in the

synthesis of the enzyme (May et a1.,7995). However, overexpression of cytochrome P450

cDNAs in chick embryo hepatocytes does not affect the level of ALASl mRNA suggesting

that the induction of ALAS1 by drugs may not be a direct consequence of an increased

synthesis of P450s and utilisation of heme (Jover et a1.,1996).

1.8.2 Regulation of the ALAS1 Gene by Heme

Heme can be toxic to cells by interacting with hydrogen peroxide, with the resultant

generated reactive oxygen species damaging membrane lipids and proteins

(Müller-Eberhard & Fraig, 1993). Porphyrinogens, when oxidised to porphyrins, absorb

light also generating dangerous free radicals that cause cutaneous injury (Darr & Fridovich,

1994).In addition, evidence also exists to suggest that excessive synthesis of ALA and PBG

may also contribute to neurological abnormalities associated 'with attacks of porphyria

(reviewed by May et aI., 1995). Therefore it is critical to maintain appropriate levels of

heme and intermediates and this is achieved through the end-product inhibition of ALASI.

Heme is capable of regulating the synthesis of ALAS1 in the liver at a number of levels by

directly inhibiting transcription of the ALAS1 gene, affecting the stability of the ALAS1

mRNA and the transport of the ALAS1 precursor into the rnitochondria. It has therefore

been proposed that there are two pools of heme: one located in the cytosol and the other

located in the nucleus which are responsible for monitoring and regulating expression of
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both ALAS1 and heme oxygenase, which is involved in heme degradation (Fig. 1.6) (May

et a\.,1995).

Following the injection of rats with drugs such as 2-allyl-2-isopropylacetamide,

there is a marked increased in the level of ALASl mRNA in the liver and kidney (Srivastava

et aI.,19SS). However, administration of heme (Srivastava et a1.,1990; 1990) or the heme

precursor, 5-aminolevulinate (ALA) (Srivastava et al., 1988) prevented this induction by

altering the rate of ALASl gene transcription as determined by nuclear run-off experiments.

Heme also reduced the basal level of ALASI expression in all tissues examined, except the

erythroid spleen where levels of ALAS were elevated (Srivastava et al., 1988).

Consequently, heme is thought to mediate repression of ALASl Sene expression probably

in all non-erythroid tissues. However, the identification of the elements involved in

mediating repression of ALASI activity at the transcriptional level have been hampered due

to the inability to find a transformed cell line in which endogenous ALASI gene

transcription is repressed by heme (Healy, 1990; Braidotti, 1992)-

Treatment of rat hepatoma cells with heme resulted in a significant reduction in the

level of ALAS1 mRNA (Sadlon, 1995). The t¡anscription rate of the rat ALASI gene was

unaffected by heme whereas the half-life of the ALAS1 mRNA was substantially reduced.

Treatment of hepatoma cells with actinomycin D to inhibit transcription demonstrated that

the half-life of the ALAS1 mRNA was specifically reduced from 130 minuæs to 42 minutes

by heme. This effect occurred independently of translation since treatment of these cells

with cycloheximide did not inhibit the heme-mediated destabilisation of the ALASI mRNA

(Sadlon, 1995). The region responsible for the heme-mediated instability of the ALASI

mRNA has been localised to the coding region of the ALAS1 mRNA and this region is

currentþ being invesúgated further in our laboratory to identify the elements responsible for

the heme-mediated destabilisation of the ALASl mRNA.

Similar studies have also been performed in chick embryo hepatocytes where heme

reduces the half-life of the ALAS1 mRNA from 3.5 hours to 1.2 hours without affecting the

transcription rate of the ALAS1 gene (Drew & Ades, 1989; HamllÍon et aI., 1991).

However, in contrast to the rat ALASl mRNA, treatment of chick embryo hepatocytes with

cycloheximide inhibited the heme-mediated instability of the ALAS1 mRNA suggesting that

a labile protein may be involved in this process (Drew & Ades, 1989; Hamilton et al.,

1991).
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Figure 1.6 Proposed sites of transcriptional and post-transcriptional regulation of

ALAS1 byheme in hepatic tissue

The proposed model assumes that there are two intracellular regulatory pools of heme; one

located in the nucleus and the second in the cytosol.
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Studies performed in rat (Hayashi et al., 1912) and chick embryo (Srivastava et al.,

1983) livers treated with heme demonstrated that the level of ALAS in the mitochondria is

rapidly reduced whereas an increase in the level of the ALAS protein is observed in the

cytosol. Therefore it is believed rhat heme is also capable of specifically inhibiting the import

of the precursor ALASl protein frorn the cytosol to the mitochondria and would provide an

extremely effective control mechanism to reduce the levels of ALAS 1 in the mitochondria

and consequently the synthesis of heme.

The yeast heme-activated protein (HAP1) is involved in the transcriptional

regulation of a variety of nuclear encoded respiratory proteins whose synthesis is

coordinated by heme (Pfeifer et a1.,1939). Examination of the amino acid sequences of the

liver and erythroid ALAS precursor proteins resulted in the identification of three Cys-Pro

motifs that resemble the seven Cys-Pro motifs of the heme-binding domain of HAP1.

Lathrop &'Lmko (1993) demonstrated that these Cys-Pro motifs located in the mouse

ALAS2 precursor protein were responsible for inhibiting the transport of the precursor into

the mitochondria by heme. Sirnilar motifs have also been identified in the signal sequence of

the liver ALAS proteins (Dierks, 1990; Mlay et al., 1995) but are not present in the yeast

ALAS precursor protein whose import into the mitochondria is not affected by heme

(Urban-Grim aJ et al., 1986).

The precise mechanisln responsible for inhibiting the transport of the precursor

ALAS protein from the cytosol to the mitochondria remains to be elucidated. However,

several mechanisms have been proposed based on information obtained from studying the

transport of other mitochondrial matrix proteins (Kiebler et al., 1993). The signal sequence

of the precursor is postulated to specifically interact with a surface receptor complex

located on the outer mitochondrial membrane and then migrate across the mitochondrial

membrane through a protein transport pore. Heme could either directly interfere with the

interaction of the signal sequence with the mitochondrial surface receptor or prevent the

transfer across the mitochondrial membrane (May et al., 1995). Although, heme is thought

to directly bind to the precursor protein and affect mitochondrial transport of the precursor

protein, the possible involvement of a heme-binding protein cannot be ignored.

In conclusion, regulation of the rate-limiting enzyme of the heme biosynthetic

pathway, ALASI, by herne would ensure that appropriate levels of heme are synthesised

and avoid the toxicity effect observed with heme. To highlight this, at least three
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mechanisms have been identified whereby heme is capable of regulating expression of

ALASl (Fig. 1.6).

I.g REGULATION OF ALAS2 GENE EXPRESSION IN ERYTHROID TISSUE

At the onset of erythroid differentiation, the marked increase in ALAS2 gene

expression (Elferink et a\.,19S8) together with the genes encoding the other heme pathway

enzymes (Beaumont et al., 1984; Rorneo et al., 1986; Raich et al., 1989) and for globin

(Karlsson & Nienhuis, 1985) occurs primarily at the level of transcription. A number of

transcription factors involved in the erythroid-specific regulation of the globin genes may

also serve a role in the transcriptional regulation of the ALAS2 gene in erythroid cells. This

would ensure that the genes encoding enzymes of the heme biosynthetic pathway and the

globin polypeptides are coordinately regulated. Expression of the ALAS2 gene is also

regulated at the post-transcriptional level through an iron-responsive element located in the

5'-untranslated region of the ALAS2 mRNA (Cox et aI.,l99l). Therefore expression of the

ALAS2 gene is also tightly coupled to the availabiþ of iron. In addition, ALAS2 and

globin expression are also regulated by heme (as described in Section 1.1 1).

1.9.1 Transcriptional Regulation of the ALAS2 Gene

Studies directed at investigating the trans-aclng factors responsible for the

regulation of the globin and other erythroid-expressed genes have revealed that only a small

number of erythroid cell restricted transcription factors are involved and these include

GATA-I, NF-82 and the CACCC box binding protein, EKLF (reviewed by Orkn, 7995a;

1995b).

Although the promoters of the murine (Schoenhaut & Curtis, 1989), human (Cox

et aL, 1991), and chicken (Lim et al., 1994) ALAS2 genes have been isolated, sequence

comparison of their promoters has revealed only minor sequence conservatiori in putative

cls-acting elements. In contrast to both the murine (Schoenhaut & Curtis, 1989) and

chicken (Lim et at., 1994) ALAS2 promoters which lack a canonical "TATA" box, the

human ALAS2 promoter contains a putative GATA-I binding rnotif at the TATA box

location (Cox ¿r at.,199I). A GATA motif at the TATA box has also been identified in the
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promoters of other erythroid-specific genes including the chick*en B-globin (Fong &

Emerson, TggZ), human glycophorin B (Rahuel et aI., 1992) and rat pyruvate kinase

(Max-Audit et a1.,1993) and these non-canonicat TATA boxes bind GATA-1 in preference

to TFIID. Interestingly, the binding of GATA-1 to the -30 GATA motif in the chicken p

-globin promoter prevents the assembly of a repressive nucleosome (Barton et aI., 1993)

and also imparts erythroid-specificity through the interaction with another GATA-I

molecule bound to the 3'-enhancer (Fong &Emerson, 1992). Therefore GATA-1 is

postulated to play a role in the transcriptional initiation of erythroid-cell expressed genes by

inhibiting the assembly of a nucleosome at the TATA box. Although the mechanism remains

unclear, GATA-1 is then thought to be displaced from the TATA box allowing the binding

of TFIID and the transcriptional initiation machinery-

The human ALAS2 promoter also contains two putative GATA-I binding sites

located at -I24bp and -100 bp from the transcription initiation site (Cox, 1993).

Interestingly, the -100 GATA site in the human ALAS2 promoter is also present at the

corresponding location in the murine ALAS2 promoter and is one of only two putative

cis-acting elements which is conserved between the human ALAS2 promoter and the

published 102 bp of murine ALAS2 promoter sequence. GATA-1 binding sites have been

identified in the regulatory regions of many other erythroid-specific genes including the

erythroid promoter of human PBGD gene (Mignotte et a1.,7989a), the human EpoR (Zon

et a1.,1991) and the globins (deBoer et al., 1988; Talbot et al., 1990; Philipsen ¿/ aI., 1990;

Pruzina et aI.,l99I; Gong et a1.,1991).

A putative binding site for the erythroid-enriched factor, NF-82 was identified at

-48 bp in the human ALAS2 promoter (Cox et al., 1991) with a mismatch at both

extremities of the 11 bp consensus sequence for NF-E2 (Andrews et aI., 1993a). Although

functional NF-82 binding sites have been identified in the erythroid promoter of the human

PBGD gene (Mignotte et al., 1989b) and in the cr- (Strauss et al., 1992; Zhang et aI., 1995)

and B- (Talbot et aI., 1990; 1991; Ney et al., 1990) globin enhancers, binding sites for

NF-E2 are not a common occurrence in erythroid cell-specific promoters.

A partially duplicated CACCC box bindin-e site consisting of two overlapping

CACCC sequences was identified at -54 bp it the human ALAS2 promoter (Cox et al.,

1991). Perhaps importantly, this site also exhibits sequence similarity to the functional

CACCC site of the adult B-globin that binds the erythroid CACCC box binding protein,

44



EKLF (l\4iller & Bieker, 1993). [n contrast, the murine ALAS2 promoter contalns a

duplicated CACCC box (Schoenhaut & Curtis, 1989), whereas the chicken ALAS2

promoter (Lim et aI., 7994) contains numerous CACCCiGC box binding sites presumably

for the ubiquitous transcription factor, Spl (Kadoîaga et al., 1987). The association of

GATA motifs with CACCC box binding sites has been reported in many erythroid

promoters (deBoer et a1.,1988; Mignotte et a1.,1989b; Tsat et aI., 1997; Zon et al., 1997;

Rahuel et al., 1992; Max-Audit et al., 1993) and evidence exists to suggest that the factors

binding to these sites functionally interact and play a critical role in the üanscriptionai

activation of erythroid-specific genes (Merika & Orkin, 1995; Gregory et al., 1996).

A putative thyroid hormone responsive element located rf -21bp to -6 bp

immediately downstream of the non-canonical TATA box was also identified in the human

ALAS2 promoter (Cox etal., 1991). As mentioned in Section 7.5.4, in.vitro studies

performed in chick erythroblasts have demonstrated that the viral oncogene, v-erbA,

encoding a refractory thyroid hormone receptor can suppress the erythroid-specific

transcription of the ALAS2 gene (Zenke et a1.,1988) implicating a possible role for thyroid

hormone in the regulation of the ALAS2 gene.

A putative binding site for the Ets family of transcription factors is also present in

the human ALAS2 promoter, located between the putative -124 and -100 GATA sites

(Cox, 1993). As described in Secúon 1.5.5, several lines of evidence have implicated a role

for Ets proteins in the regulation of erythroid-specific genes.

A consensus CCAAT box binding site for the transcription factor, CPI (Chodosh

et aI., 1988), identical to the functional CCAAT box binding site identified in both the

human (deBoer et a1.,1988) and murine (Cowie & Myers, 1988) B-globin promoters, was

identified 
^t 

-84 bp to -90 bp in the human ALAS2 promoter (Cox et aI., 1.991). A similarly

positioned CCAAT box binding site is not present in either the murine (Schoenhaut

& Curús, 1989) or the chicken ALAS2 promoters (Ltm et aI.,1994).

Transient expression studies performed with the chicken ALAS2 5'-flanking

sequence resulted in the identification of two regions required for high level

erythroid-specific expression, designated the proximal (-155 bp to +21 bp) and distal

(-784 bp to -505 bp) promoter region (Lim et al., 1994). DNase I footprint analysis of the

proximal promoter revealed seven protected regions corresponding to a GC-rich binding

motif for the ubiquitous transcription factor, Sp1. Another site located ât -130 bp was aiso
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identified by footprinúng studies. This site exhibited sequence similarity to the consensus

Ap-1 binding motif and possibly NF-E2, as well as tho retinoic acid responsive element

(Lim et at., 1994). However, gel shift assays failed to dotect binding of either AP-1 or

NF-82 to this site and mutagenesis of this sequence did not affect the erythroid-specihc

expression of the chicken ALAS2 promoter (Lim et al., 1994). A putative binding site for

GATA-I (-514) was identified in the distal promoter region of the chicken ALAS2 gene but

deletion of this element did not affect expression (Lim et al., 1994). Although the chicken

ALAS2 promoter contains numerous binding sites for Sp1, the erythroid factor EKLF can

also bind related sequences (Hartzog & Myers, 1993; Crossley et aI., 7996) and may be a

possible candidate transcription factor involved in the erythroid-specific expression of the

chicken ALAS2 gene.

As described in Section 1.7.3, the observed remarkable conservation in the

structural organisation of the human and murine ALAS2 genes has led to the use of

"phylogenetic footprinting" (deBoer et aI., 1988) to identify potentially significant

regulatory regions in the human ALAS2 gene. DNase I hypersensitivity studies performed

on the murine ALAS2 gene resulted in the identification of five hypersensitivity sites present

in both uninduced and Me2SO-induced MEL cells but absent in non-erythroid cells

(Schoenhaut & Curtis, 1989). These hypersensitivity sites were located in the immediate

promoter, two sites located at the 5' end of intron 1, one site within intron 3 and another

site at the 3' end of intron 8 (Schoenhaut & Curtis, 1989). These DNase I hypersensitive

sites are indicative of nucleosome-free regions of DNA and usually correspond to regions

that interact with trans-acting factors critical for transcriptional regulation (Elgin, 1988;

Gross & Garrard, 1988). Based on the manageable size of intron 8, sequence comparison of

the human (562 bp) and murine (1067 bp) ALAS2 intron 8 sequences was performed (Cox,

1993). This comparison revealed extensive sequence conservation between the human and

the 3' end of the murine intron 8 sequences. lnterestingly, a cluster of putative binding sites

for GATA-I and CACCC box binding proteins were identified within the intron 8 sequence

which were conserved between the two species thus alluding to a possible functional role

for these sequences (Cox, 1993). Additional sequence located at the 5' end of the murine

ALAS2 intron 8 was not present in the human ALAS2 gene, and showed similarity to a

murine-specific repetitive element and therefore likely to have been added to this intron

following the divergence of the human and mouse (Cox, 1993). Intron 8 of the human

46



ALAS2 gene is located approximately 16 kb from the transcription initiation site and may

function as a erythroid-specific enhancer responsible for the transcriptional activation of the

ALAS2 gene during erythroPoiesis.

The primary aims of the work described in this thesis was to investigate the role of

these putaúve cis-acting elements identified in the human ALAS2 promoter and to

investigate the possible functional role of the putative erythroid-enhancer element identified

within intron 8 of the human ALAS2 gene in the transcriptional regulation of the human

ALAS2 gene.

1.9.2 Post-transcriptional Regulation of the ALAS2 Gene

As described earlier, around l\Vo of the total iron in the body is required for the

synthesis of hemoglobin during erythropoiesis. Therefore it is essential that there is a

coordinated regulation between iron uptake and the synthesis of heme. ALAS2 has been

demonstrated to play a key regulatory role in this process (reviewed by May et al., 1995).

The role of ALAS2 was initially proposed following the observations that activity of ALAS

in erythroid cells was low in iron-deficient patients and markedly increased in patients

suffering iron-overload. In addition, following enucleation and the release of the

reticulocyte into the circulation, there is continued synthesis of heme and globin which

accounts for the final207o of hemoglobin synthesis. Consequently, regulation of this final

hemoglobin synthesis can only occur post-transcriptionally.

As described in Section 1.4.1, expression of transferrin receptors and ferritin are

regulated at the post-transcriptional level by an iron-responsive element (IRE) located in

their mRNAs. An IRE was identified in the 52bp 5'-UTR of the human ALAS2 gene (Cox

et aI., 1991) and exhibits both sequence and structural similarity to the IRE of the

transferrin receptor and ferritin mRNAs. As seen in Fig. l.'1, the highly conserved loop is

identical between the IREs of the fenitin mRNA and the IRE identified in the human

ALAS2 5'-UTR. The S'-UTR of both the mouse (Dierks, 1990) and chicken (Lim et al.,

lgg4) ALAS2 mRNAs also contain an IRE which is highly conserved between all three

species (Fig. 1.7). In contrast, the human (Bawden et al., 1987; Bishop et aI., 1990), rat

(Srivastava et aI., 1988; Yamamoto et al., 19SS) and chicken (Borthwtck et aI., 1985;

Maguire et a1.,1936) ALAS1 mRNAs do not contain an IRE motif (Cox, 1993).
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Figure L.7 Sequence and proposed structure of an iron-responsive element (IRE)

A The consensus IRE motif is shown. The critical features of functional IREs include

the hexanucleotide loop of sequence 5'-CAGUGN-3', an unpaired cytosine residue located

five nucleotide pairs 5' from this loop and a lower stem of variable length.

B Comparison of the proposed IRE structures in the 5'-untranslated regions of the

chicken, mouse and human ALAS2 mRNAs and the human ferritin mRNA. The

transcription initiation site (+1), the translation initiation site (AUG) and the conserved bases

are shaded. The sequence of the hexanucleotide loop of the chicken ALAS2 IRE differs by a

single nucleotide from the consensus.
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RNA gel shift experiments demonstrated the binding of a cytosolic protein to the

human ALAS2 IRE which was most likely identical or at least highly related to the protein

that binds to the IREs of the ferriún and transferrin receptor mRNAs (Cox et aI., 1991).

In vitro transcription/translation experiments performed in a cell-free system demonstrated

that the human ALAS2 IRE can confer iron-dependent translaúonal control to the

heterologous human growth hormone cDNA sequence (Bhasker et a1.,1993). The addition

of purified IRE-BP to the chirneric transcript could inhibit in viffo translation and this was

abolished following mutagenesis of the conserved loop (Bhasker et al., 1993).ln addition,

translation of the ALAS2 mRNA in MEL cells is iron-dependent (Melefors ¿f al., 1993).

Although, it is uncertain whether the binding of the IRE-BP to the IRE directly prevents the

binding of the small ribosomal subunit with the mRNA or the binding of cap-site initiation

factors required for attachment of the small ribosomal subunit, the location of the IRE is

critical since both the f'erritin (Goossen et aI., 1990; Goossen & Henzte, 1992) and ALAS2

(Bhasker et a1.,1993) IREs only function when located near the cap site.

As described in Section 1.3, the final stages of erythroid maturation occurs in the

circulation where the final 207o of hemoglobin synthesis occurs in the enucleated

erythrocyte. Therefore the post-transcriptional regulation of ALAS2 expression would

permit the continued synthesis of heme in the absence of gene transcription. The binding

activity of the IRE-BP from Epo-induced J2E cells progressively increases during

erythropoiesis (Cox, 1993) and is consistent with an important role at the later stages of the

differentiation process.

As described in Section 1.7.3, two isoforms of the human ALAS2 transcript are

generated by alternative splicing and expressed throughout erythroid differentiation at

approximately equal levels (Conboy et al., 1992). However, the functional significance of

these two ALAS2 transcripts remain to be elucidated but may represent an additional level

of post-transcriptional regulation of the ALAS2 gene.

1.10 OTHER ENZYMES OF THE HEME BIOSYNTHETIC PATHWAY

In contrast to ALAS, there is only one structural gene for the other enzymes of the

heme biosynthetic pathway. These genes either have a composite promoter which contâin
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binding sites for both ubiquitous and erythroid-specific transcription factors or,

alternatively, have two separato promoters; one with a housekeeping function and the other

that is erythroid cell-specific.

The second and third enzymes of the heme biosynthetic pathway, ALAD and

PBGD, respectively, share a common mechanism for expression in erythroid cells. These

enzymes are encoded by a single structural gene with two separate promoters that generate

two transcripts by 5'-alternate splicing.

The ALAD gene contains two first non-coding exons, 1A and 1B, that are

differentially spliced to the second exon containing the translation initiation codon resulting

in both transcripts encoding the same amino acid sequence (Bishop et aL,1991; Kaya et al.,

1994; Bishop et aI., 1996). Tissue distribution studies demonstrated that ALAD mRNA

containing exon 1A is ubiquitous, whereas mRNA containing exon 1B is only expressed in

erythroid cells. Each of these first exons contain their own promoter and fansient

expression studies demonstrated that the housekeeping promoter was active in both

erythroid and non-erythroid cells, whereas the erythroid-specific promoter was active in

only erythroid cells (Kaya et a1.,1994).

The human (Kaya et aI., 1994) and murine (Bishop et al., 1996) housekeeping

promoters located upstream of exon 1A both lack a canonical TATA box but contains many

GC boxes reminiscent of other housekeeping gene promoters (Dynan, 1986). In contrast,

erythroid-specific promoters of both genes (Kaya et a1.,1994; Bishop et al., 1996) located

upstroam of exon 18, contain putative binding sites for GATA-I, and CACCC box binding

proteins including Sp1 and possibly EKLF. A single putative binding site for the

erythroid-enriched factor, NF-82, was identified 2.3 kb upstream from the murine ALAD

housekeeping promoter (Bishop et a1.,1996). By analogy to the role of NF-E2 in the LCR

of the B-gtobin gene cluster (see Section 7.5.2), the putative NF-E2 site identified in the

murine ALAD promoter may represent a distal enhancer region (Bishop et a1.,1996).

In addition to the role that ALAD serves in the synthesis of heme, evidence also

exists suggesting other possible functional roles for ALAD. Guo ¿r al. (1994) reported that

ALAD is the 240kDa proteasome inhibitor, CF-z, and functions as an inhibitor of protein

degradation via the proteasome. ALAD can bind reversibly to lead and may function as a

scavenger to remove lead from the body (Jaffe et aI., 1991). Although, the precise

functional roles of ALAD remains to be elucidated, it is interesting that only four mutations
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in the ALAD gene have been reported, suggesting that mutations in this gene are only rarely

viable (Ishida et al., 1992) or show no obvious phenotype.

PBGD also exists in two isoforms, one expressed in all tissues while the second is

expressed only in erythroid cells. These isoforms are derived from different mRNAs

t¡anscribed from a single gene (Grandchamp et al., 1987). As is the case with ALAD, the

two transcripts arise from two distinct promoters, the upstream promoter being active in all

ússues whereas the downstream promoter is erythroid-specific (Chretien et al., 1988).

Following differential splicing, two mRNAs are produced possessing a specific first exon

and thirteen common exons (Chretien et al., 1988). However, in contrast to ALAD,

translation is initiated at different siæs in the two transcripts. An additional AUG translation

initiation codon located in the alternatively spliced exon of the ubiquitously expressed

transcript results in the housekeeping isozyme containing an additional 17 N-terminal amino

acids not present in the erythroid-specific isozyme (Chretien et a1.,1988).

The erythroid-specific promoter of the human PBGD gene contains a functional

binding site for GATA-I (-70), NF-E2 (-160) and a CACCC box (Mignotte et aI., 1989b).

Intriguingly, differences between the erythroid-specific promoters of the human and murine

PBGD genes have been identified. The functional NF-E2 site in the human erythroid

promoter is absent in the corresponding region of the murine erythroid promoter and a

functional double CACCC box rather than a single CACCC box is present in the murine

erythroid promoter of the PBGD gene (Porcher et aI., I99l). A functional binding site for

GATA-1 has also been identified adjacent to the functional CACCC box in the promoter of

the murine PBGD gene and together these sites contribute to erythroid-specific expression

(Porcher et a\.,1991).

The remaining five enzymes of the heme biosynthetic pathway: uroporphyrinogen III

synthase (UROS) ("Warner et al., 1990), uroporphyrinogen III decarboxylase (UROD)

(Romana et aI., 1987), coproporphyrinogen oxidase (CPX) (Delfau-Larte et al., 1994),

protoporphyrinogen oxidase (PPOX) (Taketani et al., 1995) and ferrochelatase (Taketani

et al., l99Z) are all transcribed from a single gene promoter.

Expression of the human UROD gene, the fifth enzyme of the heme biosynthetic

pathway is ffanscriptionally upregulated during erythropoiesis but only a single mRNA

species is detected in both erythroid and non-erythroid cells (Romana et al., 1987).

Although rhe promoter contains a TATA box (-21) and a GC box binding site for Spl

!
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(-60), no erythroid-specific transcrþtion factor binding sites have been identified in this

promoter. Therefore it has been suggested that erythroid-specific enhancer elements located

elsewhere may be responsible for the increased transcrþtion of the UROD gene during

erythropoiesis (Romana et al., 1987).

Expression of the CPX gene is transcriptionally upregulated during the erythroid

inducrion of MEL cells (Kohno et al., 1993). The level of CPX is also higher in erythroid

celis in comparison to non-erythroid cells (Martasek ¿r al., 1994). These findings suggest

that expression of CPX is differentially regulated in erythroid and non-erythroid cells at the

level of transcription. The promoter of the human CPX gene lacks consensus TATA and

CCAAT boxes but contains t'wo putative CACCC box binding siæs for Spl and four

purative GATA-1 binding sites (Delfau-Larue et al., 1994) although the functionality of

these sites in this promoter remains to be determined.

The CPX gene does, however, contain two polyadenylation signals which probably

give rise to the two cDNAs differing at their 3' end isolated from placenta (Taketarti et al.,

1994) and fibroblast (Martasek et al., 1994) libraries. Whether these transcripts are

regulated at the post-transcriptional level, that is, through instability elements present in the

3'-UTR affecting the stability of the CPX mRNA, remains to be determined. It is possible

that a similar mechanism as described for the ferrochelatase gene (Ponka & Schulman,

1993) may be acting whereby the stability of the CPX transcript is increased during

erythroid differentiation in comparison to non-erythroid cells.

PPOX is synthesised from a single mRNA expressed in both erythroid and

non-erythroid cells. The PPOX promoter contains binding sites for both ubiquitous

transcription factors including CCAAT and CACCC box binding proteins and two putative

binding sites for the erythroid-enriched factor, GATA-I (Taketani et a1.,1995).

çDNA clones encoding the human (Nakahashi et al., 1990) and murine (Taketani

et a1.,1990; Brenner et al., 1991) ferrochelatase, the last enzyme of the heme biosynthetic

pathway, resulted in the identification of two mRNAs differing in their 3'end which are

transcribed from a single gene (Brenner et al., 1992). Two putative polyadenylation sites

identified in the murine ferrochelatase cDNA may account for the presence of these two

transcripts (Taketani et al., 1990).

Northern blot analysis of murine ferrochelatase mRNA demonstrated that both

rranscripts (2.9kb and2.2kb in size) were expressed in all tissues. However, the 2.9kb
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transcript was more abundantly expressed in non-erythroid tissues in comparison to the

2.Zkb transcript which was predominantly expressed in the spleen, a site of erythropoiesis

in the mouse (Ponka & Schulman, 1993). Interestingly, levels of the 2.2kb transcript was

preferentially increased in MEL cells induced to differentiate with MezSO and was also the

predominant transcript detected in mouse reticulocytes (Chan et al., 1993b; Ponka &

Schulman, 1993).

The 2.9kb transcript contains two AUUUA pentamers and many (A+U)-rich

sequences present in the 3' UTR (Taketani et aI., 1990) which are absent in the Z2kb

transcript, suggesting that these ferrochelatase transcripts may be differentially regulated at

the post-rranscriptional level. Ponka and Schulman (1993) demonstrated that the 2.9 kb

transcript was undetectable in uninduced MEL cells maintained in the presence of

actinomycin D, an inhibitor of RNA synthesis after 8 hours. In contrast, the 2-2kb

transcript was more stable in MezSO-induced MEL cells. The half life of the 2.9kb

transcript was estimated to be 4 hours in uninduced MEL cells, whereas the half-life of the

Z.zkb transcript in Me2SO-induced MEL cells was greater than 10 hours. Therefore

removal of destabitising sequences from the 2.2kb ferrochelatase transcript resulted in an

increased stability of this transcript in differentiating erythroid cells, and this may represent

an important mechanism for ensuring the continued synthesis of ferrrochelatase in erythroid

cells.

The finding that there are no other differences observed between ferrochelatase

species from erythroid and non-erythroid cells is consistent with immunological studies with

antisera against purified ferrochelatase enzyme. These studies concluded that the enzymes

isolated from erythroid and non-erythroid tissues were indistinguishable (Nakahashi et aI.,

1990).

The human ferrochelatase promoter which is transcribed in both erythroid and

non-erythroid cells, lacks a TATA box and contains putative binding sites for GATA-I,

NF-E2 and CACCC box binding proteins (Tugores et aI., 1994). A negative regulatory

region postulated to bind a repressor protein was identified downstream of the binding sites

for GATA-I and NF-E2 and deletion of this region resulted in a significant increase in

erythroid-specific expression in ferrochelatase promoter constructs containing intact binding

sequences for GATA-I and NF-E2 (Tugores et aI., 7994). However, the factor binding to

this site has not been characterised further.
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The regulatory elements responsible for expression of the human gene encoding

UROS, the fourth enzyme of the heme biosynthetic pathway have not been characterised

@arner et a1.,1990).

1.11 ROLE OF HEME IN THB REGULATION OF HEMOGLOBIN SYNTHESIS

Evidence obtained from studies performed in erythroid cell lines has implicated a

possible role for heme in the regulation of ALAS2, other enzymes of the heme biosynthetic

pathway and globin.

The MEL cell line, DR-l, which fails to differentiate following treatment with

MezSO does not express ALAS2 mRNA but transcripts encoding ALAD, PBGD and

ferrochelatase are deæctable in these cells (Fujita et aI., 1991). Genomic Southern blot

analysis of the ALAS2 gene in these cells indicated that there is neither a major deletion nor

reaffangement in the ALAS2 gene in DR-1 cells in comparison to the parental MEL cell line

(Fujita et aI., 1991). Northern blot analysis of the Me2SO-treated DR-1 cell line

demonstrated that the level of B-globin mRNA is down-regulated and that treatment \ryith

hemin marginally increases this level (Fukuda et al., 1994). These findings suggest that the

level of B-globin mRNA is partially dependent on the availability of intracellular heme. In

addition, hemin is also necessary for a sustained increase in the level of mRNA encoding

ferrochelatase in differentiating MøSO-induced MEL cells (Fukuda et al., 1993).

Suppression of ALAS2 expression in MEL cells using an antisense oligonucleotide strategy

correlated with a decrease in the levels of transcripts encoding other enzymes of the heme

pathway, including ALAD, PBGD and ferrochelatase, as well for B-globin and p45, the

erythroid-specific subunit of NF-E2 (Meguro et aI., 1995). Interestingly, the addition of

hemin to K562 cells can stimulate expression of globin genes containing functional NF-E2

binding siæs (Palma et al., 1994) suggesting that regulation of some erythroid-specific

genes by heme may be mediated via NF-E2. However, the mechanism responsible for this is

unclear.
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1.11.1 Regulation of ALAS2 bY Heme

As described in Section 7.8.2, heme is capable of regulating ALAS1 gene

rranscription (Srivastava et aI., 1988; 1990), ALAS1 mRNA stability (Sadlon, 1995) and

inhibiting the transport of the ALAS1 precursor protein from the cytosol to the

mitochondria (Hayashi et aI., 7972; Srivastava et a1.,1983). There is no evidence to suggest

that ALAS2 is regulated by heme at the transcriptional level or by an instability element

located in the ALAS2 mRNA, since it is an extremely stable message in differentiating

erythroid cells (Cox, 1993; Klinken, 1996). However, as described in Section 1.8.2, putative

heme-binding motifs have been identified in the signal soquence of the mouse ALAS2

precursor protein and are responsible for the heme-mediated inhibition of transport into the

mitochondria (Lathrop & Timko, 1993). In agreement with this, the addition of

succinylacetone, an inhibitor of protoporphyrin (and thus heme) synthesis, to

Me2SO-induced MEL cells significantly increases ALAS activity (approximately l0-fold)

(Beaumont et al., 1984; Elferink et al., 1988) but not levels of ALAS2 mRNA in

comparison to control MezSO-induced MEL cells (Fujita et al., 1991). Conversely, the

addition of heme prevents the increase in ALASZ activity (Beaumont et al., 1984; Elferink

et a1.,1988).

l.l1^.2 Translation of Gtobin is Regulated by Heme

Evidence obtained from studies performed nearly 30 years ago irnplicated a possible

role for heme in the translational regulation of the globins where maintenance of globin

synthesis in rabbit reticulocytes wâs demonstrated to be dependent on the availability of

hemin (Kruh &Borsook,7956; Bruns & London, 1965). In the absence of i¡on for heme

synthesis (Waxrnan &Rabinovitz, 1965) or hemin itself (Waxman &Rabinovitz, 1965;

Grayznl et a1.,1966; Waxman & Rabinovitz,1966), the cellula¡ polyribosomes disaggregate

reducing globin synthesis SMaxman et aI., 1967) but can be reversed with the addition of

hemin (Gross & Rabinovitz,1972). Therefore the regulation of globin synthesis by heme is

mediated by a heme-sensitive translational repressor that funcúons at the level of peptide

chain initiation (Gross & Rabinoviø, 1912). Despite these early observations, the

mechanism responsible for the heme-mediated translational control of globin synthesis has

only been elucidated during the last decade.
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During initiation of protein synthesis, eukaryotic initiation factor 2 (eIF-2) binds

GTP and Met-tRNA as a ternary complex and then forms the 43 S pre-initiaúon complex

with the 40 S ribosomal subunit (Chen & London, 1995). In heme deficiency, the

heme-regulared inhibitor (HR1), a cyclic AMP-independent protein kinase phosphorylates

the cr-subunit of eß-2 resulting in the inhibition of translation of globin mRNA and other

erythroid mRNAs. Hemin has been shown to bind to HRI (Fagard & London, 1981) and

promote intersubunit bond formation between two HRl molecules to form an inactive

dimer (Yang et a1.,1992).In heme-deficient cells, HRl exists as an active dimer capable of

phosphorylating eIF-2c and inhibiting the initiation of translation (Yang et aI., 1992). In

conclusion, the phosphorylation of eIF-24 by HR1 is the principal mechanism responsible

for the regulation of protein synthesis in heme deficiency.

HRI is expressed in the bone marrow and peripheral blood and in both uninduced

erythroid MEL and K562 cell lines and is increased during erythroid differentiation (Crosby

et aI., 1994). Treatment of MezSO-induced MEL cells with 3-amino-1,2,4-triazole (AT), an

inhibitor of heme synthesis, significantly reduced the accumulation of the HRl mRNA in

differentiating MEL cells (Crosby et aI., 1994). Similar effects were observed with globin

pRNA in Me2SO-induced MEL cells following AT treatment (Mager & Bernstein,7919).

Therefore the increased levels of both HRI and globin mRNAs during MezSO-induced MEL

cells are dependent on heme and suggests a direct relationship between intracellular heme

levels and the accumulation of HRI in MEL cells.

In conclusion, heme is capable of regulating its own synthesis possibly by preventing

import of the precursor ALAS2 protein into the mitochondria, and also translation of globin

mRNA in erythroid cells. A model has been proposed (May et aI., 1995) and is represented

in Fig. 1.8.

I.I2 DISEASES RELATED TO HEME BIOSYNTHESIS

The "porphyrias" represent a diverse group of inherited disorders where there is an

accumulation of various porphyrins or porphyrin precusors (Kappas et al., 1989). Since the

primary sites of heme synthesis are the liver and the erythron, porphyrias are classified as

either hepatic or erythropoietic depending on the organ primarily affected by the
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Figure 1.8 Proposed model for the translational regulation of ALAS2 and globin

mRNAs by heme in erythroid cells

Epo activates the transcrþtion of the genes encoding ALAS2, transferrin receptor (TfR) and

globin. The pool of intracellular iron regulates translation of ALAS2 mRNA and is

incorporated into protoporphyrin to generate heme. The cytosolic pool of heme may

regulate its own synthesis, possibly by preventing the import of precursor ALAS2 into the

mitochondria and the translation of globin mRNA.
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accumulation of poryhyrins or precursors. Porphyrias are characterised by a decrease in the

activity of one or more of the heme biosynthetic pathway enzymes with the exception of

ALAS (for a review, the reader is referred to Bottomley et al., 1995; May et al-, 1995)'

There have been no reports of a disorder associated with a defect in ALAS1 probably

because the normal ALAS allele may be able to compensate for the mutant allele in the

heterozygous state and/or it is lethal in the homozygous individual.

L.lz.l Sideroblastic Anemias

The sideroblastic anemias comprise a heterogenous group of erythropoietic

disorders that are either inherited or acquired. These anemias are characterised by defective

circulating erythrocytes which are small (microcytic) and lack hemoglobin (hypochromic)

and reflecr a defect in the synthesis of hemoglobiri (Bottomley, 1993). A characteristic

feature identified in all sideroblastic anemias is the presence of bone marrow erythroblasts

with large, perinuclear, Prussian blue-positive granules representing amorphous iron

deposits in the mitochondria. These iron-laden erythroblasts are termed sideroblasts

(Bottomley et aI., 1995). In severe cases of sideroblastic anemia, residual iron-laden

mitochondria (Pappenheimer bodies) are also detected within circulating erythrocytes.

Although the synthesis of globin is also irnpaired in erythroid cells of these patienls, invitro

studies have demonstrated that their reticulocytes retain the capacity to synthesise

hemoglobin with the addition of exogenous heme and is therefore thought to be secondary

to an underlying defect in heme synthesis (Bottomley, 1993). In addition, the delivery of

iron to erythroid cells via the iron-transferrin complex is also unaffected (Bottomley, 1993).

Consequently, the accumulation of mitochondrial iron in sideroblasts is thought to be due to

a defect in protoporphyrin synthesis, where iron is imported into the cell but is not

incorporated into protoporphyrin IX.

The most common form of inherited sideroblastic anemia follows an X-linked mode

of inheritance and is rnanifested almost exclusively in males. A defect in the first enzyme of

the heme biosyntheúc pathway, ALAS, has been implicated as the cause of X-linked

sideroblastic anemia (XLSA) since the gene encoding ALAS2 is located on the

X chromosome (Cox et aI., 1990), and approximately one-third of patients respond to

treatment with pyridoxine, the precursor of pyridoxal phosphate which is the essential
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cofactor for ALAS activity (Bottomley, 1993). Those patients with XLSA who are

unresponsive to treatment with pyridoxine may require blood transfusion. However, while

this alleviates the symptoms of the anemia it only adds to the iron-overload and in turn

causes tissue damage. Therefore the iron chelating agent desferrioxamine may be

administered or regular phlebotomies performed throughout life.

To investigate whether mutations in the ALAS2 gene indeed underly XLSA,

ALAS2 mRNA was isolated from reticulocytes from a number of XLSA patients and

sequenced. In one patient whose level of ALAS activity was 507o of the normal level, and

following administ¡ation of pyridoxine the enzyme activity was restored to normal levels

(Cox er al., 1994), soquence analysis was performed and resulted in the identification of a

single base change (C to G) at position 388 in exon 8 (Cox et al., 7994). The C to G

mutation resulted in the replacement of an invariant threonine residue located three residues

from the lysine that binds pyridoxal phosphate by a serine residue (Cox et aI., T994).

Expression studies performed n E. coti demonstrated that the mutant ALAS2 enzyme has

lower activity when compared to the wild-type (Cox et al., 7994). Further support for the

causative role was obtained by the demonstration that all similarly affected relatives of the

patient also carried this altered ALAS2 allele (Cox et aI., 1994). ALAS kinetic assays have

shown that both the mutant ALAS and wild-type ALAS enzymes respond to pyridoxal

phosphate indicating that the level of the cofactor for ALAS, pyridoxal phosphate is

rate-limiting (Chandler, 1996; Matthews, 1991). A number of other single base changes

have been identified in the ALAS2 gene in patients with XLSA and these are located in

exons 5, J and 9 (May et a1.,1995). However, whether these mutations affect the catalytic

activity of ALAS or reduce protein stability is currently under investigation in our

laboratory.

A model for the role of a defective ALAS2 protein in inherited XLSA has been

proposed (Fig. 1.9) (May et aI.,1995). As a result of a mutation in the ALAS2 gene, ALAS

activity is reduced leading to a decrease in the synthesis of protoporphyrin IX and hence

heme, and globin chains in erythroid cells. However, in response to low heme levels, iron

continues to enter into the mitochondria resulting in its accumulation and the characteristic

feature assoeiated with sideroblastic anemia: ring sideroblasts (sideroblasts with iron-laden

mitochondria surrounding the nucleus).
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Figure 1.9 Proposed model for reduced hemoglobin synthesis in Xlinked

Sideroblastic Anemia

A mutation in the ALAS2 enzyme resulting in reduced catalytic activity, in turn leads to a

decrease in the synthesis of protoporphryin and hence heme, and globin chains in erythroid

cells. However, iron continues to enter into the erythroid cell, where it accumulates within

the mitochondria. The abbreviations used are as follows: Tf, transferrin; TfRr transferrin

receptor; ALA, 5 -aminolevulinic acid; PP, protoporphyrin.
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Treatment of rabbit reticulocytes with succinylacetone, an inhibitor of heme

synthesis also results in an accumulation of iron in the mitochondria (Adams et al., 1989).

Therefore it is believed that iron by an unknown mechanism continues to enter the cell in

the absence of its utilisation. Atthough it has been demonstrated that heme is capable of

preventing import of the ALAS2 precursor protein from the cytosol to the mitochondria

(Lathrop & Timko, 7gg3), an increase in the import of the precursor ALAS2 protein would

be expected in the presence of reduced levels of heme. However, high levels of iron may

inhibit ALAS2 activity or the import of ALAS2 into the mitochondria, resulting in

inadequate levels of ALAS2 (May et a1.,1995).

1.13 AN IN VITRO MODEL TO INVESTIGATE ERYTHROID.SPECIFIC GENE

EXPRESSION

The development of transformed erythroid cell lines which can be induced to

differentiate invitro and mimic the changes seen during erythropoiesis has provided the

opportunity to invesúgate the regulatory processes which occur during the latter stages of

erythroid differentiation.

ALAS1 and ALAS2 mRNAs are differentially expressed during MerSO induced

erythroid differentiaúon of MEL cells. The level of ALAS1 mRNA rapidly decreases while

ALAS2 mRNA and transferrin receptor (TfR) mRNA levels are markedly elevated and this

apparently precedes globin gene transcription (Fujita et al., 1991). Similarly, the levels of

ALAS2 and TfR mRNAs rapidly increase in Epo-induced J2E cells in contrast to the

transcription of the globin genes which exhibit a gradual increase (Busfield et aI., 1992).

The erythroid-enriched transcription factor, GATA-I plays a critical role in the

transcriptional activation of many erythroid cell specific genes including the enzymes of the

heme biosynthetic pathway (Mignotte et aI., 1989b; Tugores et aI., 1994) and the globins

(deBoer et aI., 1988; Tatbot et al., 1990; Philipsen et al., 1990; Pruzína et al., 7997; Gong

et a1.,1991). However, in contrast to the significant increase in gtobin mRNA observed in

MEL cells chemically induced to differentiate, the level of GATA-1 mRNA marginally

decreases although the level of GATA-I protein remains similar throughout erythroid

differentiation (Busfiekd et aI., 1995). The levels of GATA-I mRNA in Epo-induced J2E
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cells also increase rapidty prior to the increase in the transcripts of the enzymes of the heme

parhway and globin (Klinken etaI., 1993; Busfield eta1.,1995). Similar results have been

obtained following addition of Epo to erythroid progenitor cells where there is a dramatic

increase in the levels of GATA-I mRNA immediately preceding the major rise in globin

gene mRNA (Dalyot et aI., 1993). However, the level of GATA-1 transcripts decrease at

approximately 72hour in Bpo-induced JzE cells whereas the levels of p-globin transcripts

remain elevated suggesting that the continued synthesis of GATA-I is not required

(Busfield et aI., 1995).

The K562 cell line has been extensively used to investigate erythroid and

megakaryocytic differentiation and provides an in vitro model system to delineate the

activation and downregulation of lineage restricted transcription factors during

hematopoieúc commitment (Green et a1.,1993). However, the K562 cellline only expresses

the embryonic e- and fetal1- globin genes and the gene coding for B-globin is not expressed

in these cells even following induction by hemin (Rutherford et al., 1919; Benz et al.,

1980). Examination of the B-globin gene in K562 cells has revealed that it is not transcribed

(Charnay & Maniatis, 1983) although restriction mapping revealed no major insertions,

deletions or rearrangements in or adjacent to the gene (Dean et al., 1983; Mueller et al.,

1933). Retroviral-mediated transfer studies of the human B-globin gene from K562 cells

into MEL cells performed by Weber-Benarous ¿/ al. (198S) demonstrated that the B-globin

gene was transcribed and induced following treatment of the MEL cells with Mo2SO and is

regulated in an identical manner to a control human B-globin gene construct transferred into

the MEL cells using the same procedure. Interestingly, Northern blot analysis using mRNA

isolated from K562 and MEL cells and a probe for the erythroid specific transcription

factor, EKLF, revealed that K562 cells synthesise lower levels of EKLF mRNA in

comparison to MEL cells (Donze et aI., 1995). However, K562 cells permanently

transfected with an EKLF expression vector failed to activate the endogenous B-globin gene

(Donze et a1.,1995) indicating that other factors in addition to EKLF may be required.

In conclusion, the development of transformed erythroid cell lines which can be

induced to differentiate in vitro and closely resemble the morphological and biochernical

processes observed during erythropoiesis provide an extremely suitable in vitro model

system to investigate the regulatory processes occurring during erythroid differentiation.
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These cell lines provide an abundant source of material and can be readily manipulated. The

MEL and K562 cell lines have been successfully used to identify and characterise the

regulatory regions of erythroid-specific genes including the human B-globin (deBoer et al.,

1938) and y-globin (Fischer et al., 7993), EpoR (Zon et aI., 1997) and rat pyruvate kinase

(Max-Audit et al., 1993).

L.I4 AIMS OF THIS THESIS

ALAS is considered to catalyse the rate-limiting step of the heme biosynthetic

pathway. During erythropoiesis, large quantities of heme are required and its synthesis must

be coordinately regulated with that of globin for subsequent hemoglobin assembly. The

ALAS enzyme is enooded by two genes; ALAS1 is ubiquitously expressed (Elliott et al.,

1989) whereas ALAS2 is specifically expressed in erythroid cells (Cox et al., 1991).

Therefore distinct regulatory mechanisms are postulated to be responsible for the

tissue-specific regulation of the ALAS2 gene, in contrast to the ALASl gene.

Expression of the ALAS2 gene is regulated at both the transcriptional and

post-transcriptional level. Translation of the ALAS2 mRNA in erythroid cells is controlled

by intracellular iron levels and is mediated by an iron-responsive element (Cox et aI., 1991)

to ensure that the production of protoporphyrin IX is coordinated to iron availability. The

transcriptional upregulation of the ALAS2 gene during erythropoiesis is accompanied by an

increase in the Uanscription of the other genes of the heme biosynthetic pathway and globin

(Beaumont et aI., 7984; Karlsson & Nienhuis, 1985; Romeo et al., 1986; Elferink et al.,

1988; Raich et al., 1989). Three critical DNA binding motifs responsible for the

erythroid-specific expression of the globin gene clusters have been identified and bind the

erythroid-enriched factors, GATA-I, NF-E2 and the CACCC box binding protein, EKLF

(reviewed by Orkin, 1995a). Binding sites for GATA-I, NF-82 and CACCC box binding

proteins have been identified ìn the regulatory regions of many other erythroid-specihc

genes (Mignotte et al., 1989b; Tugores et al., 1994). Therefore during erythropoiesis a

common set of transcrþtion factors are thought to be involved in the coordinated synthesis

of heme and globin, as well as other erythroid-specifìc genes.
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The work presented in this thesis was directed at investigating the molecular

mechanism responsible for the transcriptional activation of the ALAS2 gene during

erythropoiesis. The determination of the complete sequence of the human ALAS2 locus by

our laboratory (Cox et al., 7991; 1993) has facilitated these studies. Regions of the human

ALAS2 gene coffesponding to DNase I hypersensitivity siæs in the mouse ALAS2 gene

were initially investigated. Erythroid transformed cell lines were utilised to identify the

critical cis-acting elements and the transcription factors that bind to these sites which are

responsible for the erythroid-specific expression of the ALAS2 gene. Numerous putative

transcription factor binding sites located within the immediate ALAS2 promoter were

characterised. These studies also resulted in the demonstration of an erythroid-specific

enhancer element located within intron 8 of the human ALAS2 gene, and the subsequent

characterisation of cis-acting elements that constitute this enhancer element. Comparison of

the human ALAS2 intron 8 enhancer with the murine and canine ALAS2 intron 8 sequences

revealed a high degree of sequence conservation and this erythroid-specific enhancer

element is also shown to be functional in the context of the murine ALAS2 gene.

The elucidation of the transcription factors responsible for the transcriptional

upregulation of the human ALAS2 gene during erythropoiesis ultimately contributes to our

understanding of how expression of other erythroid-specific genes are both activated during

erythroid differentiation and indeed how their expression is restricted to cells of the

erythroid lineage.
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CHAPTER TWO: MATERIALS AND METHODS

2.']. MATERIALS

2.1.1 Drugs, Chemicals and Reagents

Hemin (Ferriprotoporphyrin IX chloride) was purchased from Porphyrin Products

Inc. USA.

The following products were obtained from Sigma Chemical Co.: Acrylamide,

adenosine triphosphate (ATP), agarose (Type 1), ampicillin, aprotinin, benzarnidine,

bestaún, B-glycerophosphate, B-mercaptoethanol, bisacrylamide (N, N'-methylene-bis-

acrylamide), bovine serum albumin (BSA), chloramphenicol, deoxyribonucleoside

rriphosphares (dNTPs), diaminofluorene, dimethyl sulfoxide (MezSO), dithiothreitol (DTT),

ethidium bromide, ethylenediaminetetra-acetic acid (EDTA), glycylglycine, kanamycin,

leupeptin, levamisole, N-2-hydroxyethylpiperazine-N'-2-ethane sulphonic acid (Hepes),

o-nitrophenyl-B-D-galactopyranoside (ONPG), pepstatin, phenylmethylsulfonyl fluoride

(PMSF), salmon spefm DNA, sodium dodecyl sulphate (SDS), spermidine, Tris-base,

Sources of other reagents were as follows : acetyl coenzyme A: Boehringer

Mannheim; Beetle luciferin: Promega; guanidine isothiocyanate: Gibco BRL; phenol: Wako

pure chemicals; polyethylene glycol6000 (PEGeooo): BDH chemicals; poly(dl-dC):

Pharmacia; N,N,N',N' - tetramethethylethenediamine (TEMED) : Tokyo Kasei.

Sequenase Version 2.0 sequencing kit was purchased from United States

Biochemical Corporation. Oligolabelling of DNA was performed using Amersham Inc.

Megaprime DNA labelling kit. All other chemicals and reagents were of analytical grade.

2.1.2 Radiochemicals

D-threo-[dichloroacetyl-1-14c1 chloramphenicol (57 rnCi/mmol) were purchased

from Amersham. [cr-"P] dATP (1800 Cilmmol) and ¡1-32e1 dATP (>2000 Ci/mmol) and

were purchased from Bresatec.
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2.L.3 Enzymes

Restriction enzymes were purchased from Pharmacia or New England Biolabs.

Other enzymes were obtained from the following sourcos: Calf intestinal phosphatase:

Boehringer Mannheim; E. coli DNA polymerase I (Klenow fragment): Bresatec; lysozyme:

Sigma; proteinase K: Boehringer Mannheim; ribonuclease A (RNase A): Sigma (the stock

solution (lQmg/ml) was incubated at 100oC for 10 minutes to inactivate any ÐNase

activity); T4 DNA ligase and T4 Polynucleotide Kinase: Bresatec; T4 DNA polymerase:

Boehringer Mannheim.

2.1.4 Buffers

Denhardt's solution: 0.7Vo(wlv) Ficoll, 0.\%(wlv) polyvinylpyrrolidine,0.lTo(w/v) BSA.

NET: 100mM NaCl, 1mM EDTA, 10mM Tris-HCl, pH 7.5.

SSC: 150mM NaCi, 15mM sodium citrate.

SSPE: 150mM NaCl, 10rnM NaHzPO+, lmM EDTA.

TAE: 40mM Tris-acetate, 20mM sodium acetate, 1mM EDTA, pH 8.2.

TBE: 90mM Tris,90mM boric acid,2.5mM EDTA, pH 8.3.

TE: 10mM Tris-HCl, pI{7.5,0.1mM EDTA.

TES: 25mM Tris-HCl, pH 8.0, 10rnM EDTA, 157o sucrose.

3x Urea Loading Buffer: 4M urea, 507o sucrose, 50mM EDTA, 0.17o bromophenol blue

5x Ligation Buffer: 250mM Tris-HCl,pH 7.6,50mM MgC12, 5mM DTT,25Vo(wlv)

PEG-6000

Measuring Buffer: 51.9mM glycylglycine, 31.1mM MgSOa.7H2O, adjust to pH 7.8 with

NaOH.

rATP: 31.1mM rATP, adjust to pH 7.5 with NaOH.

Luciferase Reaction Buffer: Mix 7.5m1 of Measuring Buffer with 2.5m1 of 31.lmM rATP.

Luciferin: 111pM of Beetle luciferin dissolved in water, pH 7.0.

All buffers were sterilised by autoclaving or filtration through a Sartorius' Minisart NML

0.2¡tm filter where necessary.
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2.1.5 Cloning Vectors

pBluescript KS+ was purchased from Stratagene. pSP72 was purchased from

Bresatec. pGl2-Basic vector was purchased from Promega. ptk-LUC, pIBICAT and

pRSV-CAT were provided by Dr. C. N. Hahn. pRSV-Bgal was provided by Dr. H. Healy.

pPGItueoB was provided by Dr. L. Whyatt. pCATOO was kindly provided by

Dr. M. Crossley.

2.1.6 Cloned DNA Sequences

The following cloned DNA sequences, used throughout this study, were generous

gifts from the following:

pXlvíGF-1: murine GATA-1 cDNA expression clone was provided by Dr. S. H. Orkin.

pSG5iEKLF: murine BKLF oDNA expression clone was provided by Dr. J. J. Bieker.

pMT2/BKLF: murine BKLF cDNA expression clone was provided by Dr. M. Crossley.

pMT2iRINFE: murine p45 NF-E2 oDNA expression clone was provided by

Dr. N. Andrews.

pMT2ip18w-1: murine p18 oDNA expression clone was provided by Dr. N. Andrews.

hALAS: 2.1kb human oDNA of ALAS1 (Healy, 1990) was provided by Dr. T. Sadlon.

eALAS: 1.9kb human ALAS2 cDNA (Cox et al.,l99l) was provided by Dr. T. Cox.

PBGD: 1.2kb rat cDNA of PBGD (Grandchamp et al., 1984) was provided by Dr. B.

Grandchamp.

a-globin: 500bp murine cDNA of ct-globin (Rougeon & Mach, 1977) was provided by

Dr. P. Klinken.

B-globin: 1kb murine cDNA of B-globin (Hofer et al., 1982) was provided by Dr. P.

Klirken.

pRGAPDH: a cDNA of rat glyceraldehyde-3-phosphate deydrogenase (Piechaczyk et aI.,

1984) was provided by Dr. P. Klinken.
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2.1.7 Synthetic Oligonucleotides

Synthetic DNA primers were obtained from Bresatec, IDT or Gibco. The primer

sequences are listed below:

ù Oligonucleotí.des for sequencing plasmíd' constructs

M1 3 Universal sequencing primer ( 1 Tmer) : 5' -dGTAA,TqACGACGGCCAGT-3'

M13 Reverse sequencing primer (25mer): 5'-dCACACAGGAJqACAGCTATGACCATG-3'

primer #5270for pGl2-Basic (16mer): 5'-dGTATCTTATGGTACTG-3'

ä) Oligonucleotíd.es for the generatíon of ALAS2lreporter gene constructs

The introduced restriction enzyme sites and the mutations are underlined.

Human ALAS2 promoter:

Primer 1: 5' -dCCCAAGETTGCACTGAGGACGAACG-3' ;

Hindllsite introduced at +I2l+28

Primer 2: 5' -dGGGTTCTGTAACTACATTGCC -3' ; at -'7 l8l -699

RV/-142: 5' -dCE¿.CCEATGACAGGTGGA,{GETTGGGTTAGGACCTGG-3' ;

HindIII site introduced at -l l-2

RW-143: 5' -dCATGGCTGCAGTCACAAGCTTGAACCTA'TAAGTCCTG-3' ;

Hindnl site introduced at the ATG in exon 2 of the human ALAS2 gene

.5' -dGGTTTAGATTTAGCAAGGAAGGGA-3' ;

B6III site introduced àt -1251-120

Primer 3
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Primer 4: 5, -dCCCAAGCTTGCACTGAGGACGAACGAATGACAAACGGGTACTTGGGT-3, ;

mut¿tion introduced 
^t 

+21+4 and a Hindltr site at +28

Human ALAS2 intron 8:

I8 primer 1: 5'-dcAAGA,{TTCGTAAGTGAATGCTTTGGGCCT-3'; EcoRl site underlined

I8 primer 2: 5'-daccGAAIIccTGcAGACAGAAAGGAATAAG-3' ; EcoRI site underlined

I8 primer 3: 5'-dcACCCTçTCGAGAAGCTTCATCTTAGcTcC-3' ; Xholsite underlined

I8 primer 4: 5'-dcrccrAcccrCcACTrCTGcrcCTTTGAGATA-3':' SalI site underlined

I8 primer 5: 5'-dA..AAGTCCTCGAGCAAAGcAGCAGAATTATC-3':'XhoI site underlined

I8 primer 6: 5'-dGCCARAGGGTCGACCTGGAGACAGAAAGGAAT-3'; .SalI site underlined

äÐ Oligonucleoti.des usedfor S¡te-directed Mutagenesis

The introduced mutations are underlined.

Human ALAS2 promoter:

-124 GATA: 5, -dACTTTGGGT|TEAGETGTTAGC AAGGAA-3'

-1OO GATA: 5' -dGGAAGGGACTGGCAGCTGT|TGGGGCCA-3'

-27 GA'lIi: 5' -dAGAGGAGAAGGCAGCTGTGCCAGGTCCT-3'

-a

TATA: 5' -dAGAGGAGAAGGTATAAATGCCAGG-3'
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GATA-27G: 5' -dTCAGAGGAGAEATGATAAGTGCCAGGTCCT-3'

-54 CACCC: 5, -dCAGAAGGCAGGEAGETGGGGGCTGAGTC-3,

-44 NF-E2 5' -dcrccctcc'cceAccTGCAGAGGAGAAG-3'

-110 Ets 5' -dATCTCTAGCAAEEAAGGGACTGAG-3'

-13 TRE: 5' -dGGGATAAATGCAAGC'ITCTAACCCAAG-3'

Human ALAS2 intron 8:

I8 CACCC siteA: 5'-dTAAACCCCTCCTçAGCTGTAGCCCCAAGCTT-3'

I8 CACCC site B: 5'-dCAGCTAAAGGTTCAGCTGAGCTACTGCCT-3,

ISGATAsiteA: 5,-dCCAGCTACTGCCAGCTGAGTCATTGCAT-3'

I8 GATAsiteB: 5,-dACTTGAAAGTCCAGCTGCAAAGCAGCAG-3,

ív) Sequences of the Sense Strand of Synthetic Olígonucleotí.des used in Gel Shift
Assays

The binding motifs are underlined.

Consensus DNA Binding Sites:

B-globin GATA-cons (Wall et al., 1988): 5'-dTTGGcTCCCTTATCATGTCCCTG-3'

B-globin CACCC (Miller & Bieker, 1993): 5'-dAGcTAGCCAcACCCTGAAGçT-3'
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I

Sp1 consensus (Promega): 5'-dATTCGATCGGGGCGGGGCGAGC-3'

AP-1(Promega) 5' - dCGCTTGATGACTEAGCCGGAA-3'

TRE consensus (Glass et a1.,1988):

5, -dGATCTAGATTCAGGf CATGACCTGAGGAGAA-3,

ETS CYPz¿ (ets site

communication):

in the rat CYPz¿ promoter, Dr. Prem Dwivedi, personal

5' -dTCGACGCTGACTCCATEETCTTCC-3,

non-specific (NS) competitor (NRF-1 site in the rat somatic cytochrome c promoter, Evans

& Scarpulla, 1990): 5'-dcRG¡RcccAGGGTGGGTGGGGCTGAGTc-3'

Human ALAS2 promoter:

GA-T A-N4: 5, -dCTITGGGTTTTATCTCTACCAAGG-3 
,

GATA-1OO: 5'-dAAGGGACTGAGATACCTTTGGGGC-3'

GNIA-27 5,-dGAGGAGAAGGGATAAATGCCAGGT-3'

TATA: 5, -dGAGGAGAAGGTATAAATGCCAGGT-3 '

GATA-27G: 5' -dTCRCRCGAGACATGATAAGTGCCACCTCCT-3,

CACCC-54: 5, -dCRGE¡,GGCAGGGTGGGTGGGGCTGAGTC-3,

NF-E2 -44: 5,-dTCGGTGGGGCTGAGTCAGAGGAGAA-3,

ETS-110: 5,-dTTCCCTTTTATCTCTAGCAAGGAAGGGACTGAGATACCTTTGGG-3'
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TRE-13: 5,-dCNTAEETGCCAGGTCCTAACCCAAGTACCCAC-3,

CAP-S : 5'-dCCCAAGTACÇEAEIIGTCATTC-3,

Human ALAS2 intron 8:

I8 CACCC site A-S: 5', - dcrAGrccÇeeaeeeTAGCGAA-3'

I8 CACCC site B-S: 5' -d AAAccrceee,{eeeAGCTACT-3'

I8 GATA site A-S: 5' -dAGCTRCTGCCTATCTAGTCATTGC-3'

I8 GATA site B-S: 5, -dTTGAAAGTCC:IA IC.ICAAAGCAGC-3,

2.1.8 Bacterial Strairs

The following E.coli K12 strains were used as hosts for iecombinant plasmids in

recombinant DNA procedures :

E.coli DHScr: supE44 ÀlacU169 (p80lacZÀMl5) hsdRl7 recAl endAl gyrA96 thi-l relAl

host for recombinant plasmids, obtained from the E. coli Genetic Stock Centre, Yale

University, New Haven.

E. coli C1236: dut, ung, thi, rel A; pCJ105 (Cmr), obtained from Dr. J. C. Wallace.

Long term storage of stock cultures of these and plasmid transformed bacteria were

prepared by dilution of an overnight culture with an equal volume of 807o glycerol and then

stored at -80'C. Single colonies of bacteria, obtained by streaking the glycerol stock onto

agar plates (Section 2.1.9) were used to inoculate liquid growth niedium, and the bacterial

cultures wero grown at 37oC with continuous shaking to provide adequate aeration. The

agar plates of the liquid growth medium was supplemented with the appropriate antibody

where required.
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2.1.9 Bacterial Growth Media

Growth media were prepared in double-distilled water and sterilised by autoclaving-

Antibiotics and other labile chemicals were added after the solution had cooled to 50oC.

Luria (L) broth: contained I7o (wlv) Bacto-tryptone (Difco), 0.5Vo (wiv) yeast extract

(Difco), 17o (w/v) NaCl, adjusted to pH 7.0 with NaOH.

Agar plates were prepared by adding 15% (wlv) Bacto-agar (Difco) to the L broth.

2YT Meditm: I.6Vo (1l¿/v) Bacto-tryptone (Difco), l%o (wlv) yeast extract (Difco), 0.5%

NaCl, adjusted to pH 7.5 with NaOH.

Psi (ry) Broth : 27o (wlv) Bacto-tryptone (Difco),0.5Vo (wiv) yeast extract (Difco), 0.57o

MgSOa, adjusted to pH 7.6 with 0.1M KOH.

FTB: 7.2Vo (wiv) Bacto-tryptone (Difco), 2.4Vo (wlv) yeast extract (Difco), 0.4Vo glycerol,

autoclaved, with 17mM KHzPO¿ and 72mM K2HPO4.

SOC: 1% (w/v) Bacto-tryptone (Difco), 0.57o (wlv) yeast extract (Difco), lVo (wlv) NaCl,

adjusted to pH 7.0 with NaOH, l0rnM MgC12, 10mM MgSOa, 20mM glucose.

YENB Medium: 0.7 5Vo (ilv) Bacto yeast extract (Difco) and 0.8Vo (wiv) Bacto-Nutrient

Broth (Difco).

Ampicillin (100pg/ml), kanamycin (7Opelml) or chloramphenicol (33pglml) were added

where appropriate to maintain selective pressure.
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2.1.10 fissue Culture Cell Lines and Media

Ð CelI lines

The sources of the following cell lines used throughout the course of this work are

as indicated: Human erythroleukemia K562 cells (Prof. N. G. Abraham, USA); murine

erythroleukemia cells DS-19 (Dr. S. Sassa, Rockefeller University, New York, USA),

MELC 707't (Dr. G. Yeoh, Nedlands, Westem Australia) and Ìll/ELF4-1282

(Dr. G. Bergholz, Heinrich Pette Institute, Hamburg, Germany); murine erythropoietin-

responsive J2E cells (Dr. S. P. Klinken, W. Australia); COS-1 (American Type Cell Culture

(ATCC) Laboratory) and CV-l cell lines (Dr. O. Bernard, WEHI, Melbourne, Australia).

iÐ Solutíons

Phosphate buffered saline (PBS): 136mM NaCl, 2.6mM KCl, 1.5mM KH2POa and 8mM

Na2HPOa, pH/.4,was sterilised by autoclaving (20 psi fot 25 minutes at 140'C).

TrypsinÆDTA solution O.IVo trypsin (Difco) and IxEDTA Versene buffer solution (CSL),

was sterilised by filtration through a}.2¡tmfilter (Whatman)

äi) Media

Dulbecco's Modified Eagle's Medium, (DMEM) (Gibco), 28mmoL/l NaHCO3, l9mmoVi

glucose, and 20mmoVl Hepes, pll7.3.

RPMI 1640 with 28mmoUl NaHCO3.

Ham's F12 with L-glutamine (Gibco) and 2SmmoVl NaHCO3,p}J7.4.

All media was supplemented with 50,000 Units/l of Gentamycin (Gibco) and filter sterilised

prior to use.

Fetal Calf Serum : CSL
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2.l,ll Miscellaneous

X-Omat AR diagnostic and Biomax MR film: Kodak, USA

Nytran 0.45pm: Schleicher and Schuell

3MM paper: Whatman Ltd.

2.2 RECOMBINANT DNA METHODS

2.2.1 General DNA Methods

The following methods were performed essentially as described in "Molecular

Cloning: A Laboratory Manual" Sambrook et al. (1989) : Growth, maintenance and

preservation of bacteria; quantitation of DNA and RNA; autoradiography; agarose and

polyacrylamide gel electrophoresis; precipitation of DNA and RNA; phenoVchloroform

extractions; end-filling or end-labelling of DNA fragments using the Klenow fragment of

E.coli DNA polymerase I.

All manipulaúons involving viable organisms which contained recombinant DNA

were carried out in accordance with the regulations and approval of the Australian Academy

of Science Commitæe on Recombinant DNA and the University Council of the University

of Adelaide.

2.2.2 Plasmid DNA Preparation

The rapid alkaline hydrolysis procedure of Birnboim and Doly (1919) was used for

the isolation of plasmid DNA from 2mI overnight cultures for analytical restriction digests

and for the preparation of plasmid cDNAs for use as probes (Section 2.2.10) in Northern

and Southem hybridisation analysis.

Plasrnid DNA used for the transfection of tissue culture cell lines was routinely

grown up in 250m1 cultures of FTB inoculated with 100p1 from a 2ml overnight culture.

Plasmid DNA was extracted using the alkaline lysis procedure described above and further

purified by the cesium-chloride/ethidium bromide density gradient procedure (as described

in Sambrook et al., 1989) in a Beckman TL-100 benchtop ultracentrifuge and TLA-100.2

rotor. Plasmid DNA was then butanol extracted to remove ethidium bromide, dialysed in

TE buffer at 4"C with three buffer changes and precipitaæd with 0.1 volume of 3M sodium
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acetate, pH 4.6 arrd 2.5 volumes of l00%o ethanol. Plasmid DNA was then washed with

70Vo ethanol, resuspended in TB buffer, quantified by spectrophotometry and analysed by

agarose gel electrophoresis to confirm concenÍation and supercoiling.

2.2.3 Restriction Enzyme Digestions of DNA

In analytical digests, 0.5-1pg of DNA was incubated with 2-5 units each of the

appropriate restriction enzyme(s) for a minirnum of 2 hours in the buffer conditions

specified by the manufacturer. Reactions were terminated with the addition of a ll3 volume

of urea load buffer and electrophoresed on 7Vo or 37o mini-agarose gels depending on the

size of the restricted DNA fragment(s) in TBE buffer.

In preparative digests, 5-10pg of DNA was restricted in a reaction volume of 30pi,

and the desired DNA fragments were isolated as detailed below.

2.2.4 Preparation of Cloning Vectors

Plasmids were linearised with the appropriate restriction enzyme(s). To prevent

self-ligation of the vector, 5'terminal phosphate groups were removed by incubation in

50mM Tris-HCl,pH9.0, hnM MgCl2, 0.1mM ZnCI2, with lunit of calf intestinal

phosphatase (CIP), in a final volume of 50pl for 15 minutes at37oC followed by 15 minutes

at 56oC. Another I unit of CIP was added and the incubations repeated. The vector DNA

was electrophoresed on a 7Vo agarose TBE gel and the gel stained with ethidium bromide.

The linearised vector DNA was visualised under UV light, excised and purified using the

Qiaex II gel extraction kit according to the manufacturer's instructions or purified from a

low melting point agarose gel by phenoVchloroform extraction, followed by DNA

precipitation.

2.2.5 Preparation of DNA Restriction Fragments

DNA was incubated with the appropriate restriction enzyme(s) as described in

Section 2.2.3, and restriction fragments were isolated from either a horizontaI0.STo-2.07o

agarose TBE gel or a vertical \Vo polyacrylarnide gel, depending on the size of the

resffiction fragment(s). Bands representing restriction fragments were visualised under UV
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light following staining with ethidium bromide, and the appropriate fragment(s) excised

from the gel. DNA fragments were isolated after electrophoresis frorn agarose gels using

either the Qiaex II gel extraction kit according to the manufacturer's instructions or purified

from a low melting point agarose gel by phenoVchloroform extraction, followed by DNA

precipitation. Fragments isolated from polyacrylamide gels were eluted from the gel slice by

incubaúon in 400¡11 of TE buffer at3i"C for 16 hours. The DNA was precipitated by the

addition of 0.1volume of 3Msodium acetate,pH4.6 and 2.5 volumes of l00Vo ethanol,

washed n 70Vo ethanol, air dried and resuspended in 10-20p1 of TE buffer. The DNA was

resuspended at a concentration of 20-50ngl¡tl, for use in ligation reactions'

2.2.6 Ligation of DNA

A lgpl reaction contained 20-50ng of vector DNA, a 3 molar excess of the insert

DNA, 50mM Tris-HCl, plH7 .6, 10mM MgC12, lmM DTT, 5Vo (wlv) PEG6666, 1mM ATP,

and 1 unit of T4 DNA ligase. The reactions were incubated for either 4 hours at room

temperature or overnight at 4oC. A control ligation with vector only wâs set up and

included in the subsequent transformation to determine background levels of uncut or

recircularised vector DNA.

2.2.7 Transformation of .8. coliwith Recombinant Plasmids

Ð Preparatíon of ComPetent E. coli

E. coli cells were made competent by either the rubidium chloride method or by

growing the cells in salt-free medium for bacterial electroporation.

For the rubidium chloride method, a single colony of the E. coli host strain was

inoculated into 5ml of Psi (\¡) broth (where appropriate the ry-broth was supplemented with

an antibiotic) and the culture incubated with continuous shaking at3J"C overnight. 1.6m1 of

the overnight culture was subcultured into 50m1 of y-broth and incubated at 37oC until the

culture reached an absorbance at 600nm (ODooo) of 0.4-0.6. 25ml of this culture was then

used to inoculate 500m1 of ry-broth and again the culture was grown up to an OD6s6 of

0.4-0.6. The cells were chilled on ice for 5 minutes prior to centrifugation at 4000 rpm for
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5 minutes at 4"C. The cells were then resuspended in 0.4 volumes of ice cold Tfbl

(30mM KAc, 100mM RbCl, 10mM CaCI2,50mM MnCl, !5Vo glycetol, adjusæd to pH 5'8,

with 0.2M aceúc acid), incubated on ice for 5 minutes and pelleted at 4000 rpm, at 4oC for

5 minutes. Cells were then resuspended in 0.04 volumes of ice cold Tfb2 (10mM

MOpS free acid, 10mM RbCl, 75mM CaCI2, l5Vo glycerol adjusted to pH 6.5, with 0.1M

KOH), and kept on ice for a further 15 minutes, beforc being stored at -80'C in 500p1

aliquots.

For the preparation of electrocompetent E. coli, cells were prepared as described by

Sharma and Schimke (1996). Briefly, a single colony was inoculated into 2ml of YENB

medium and the culture incubated with continuous shakingat3ToC overnight. lL of YENB

medium was inoculated with 5ml of the overnight culture and grown with shaking at 37oC

until the culture reached an OD666 of 0.4-0.6. The culture was chilled on ice for 5 minutes

and cells were harvested by centrifugation at 4000 rpm at 4oC for 10 minutes. The cells

were then washed twice with 100m1 of ice cold water and resuspended in 20rnl of cold I0%

glycerol. The cells were pelleted by centrifugation, then resuspended in 3ml of ice coLd l}Vo

glycerol and stored at -80'C in 40pl aliquots.

iÐ Transforntation of Contpetent Bactería

100-150p1 of the cell suspension prepared using the rubidium chloride method was

mixed with 5pl of the DNA ligation reaction mix (Section2.2.6) and left on ice for

30 minutes. The cells were then heat shocked at 42"C for 2 minutes, placed on ice for

2 minutes and 500p1 of SOC medium added. The cells were incubated at 37oC for

20 rninutes, centrifuged briefly at 6500 rpm for 30 secs and 400p1 of supernatant removed.

1-5¡rl of DNA in TE was added to 40p1 of the electrocompetent cells, gently mixed,

ilcubated on ice for 2 minutes and transferred to a cold 0.2-cm electroporation cuvette

(Bio-Rad) and exposed to a single 2000-volt pulse at 25 microfarads using the Bio-Rad

Gene Pulser. Following electroporation, cells were placed on ice for Zminutes, gently

resuspended in 1ml of SOC medium, transferred to an eppendorf tube and incubated at

37oC for 20 minutes. The cells were then centrifuged briefly at 6500 rpm for 30 secs and

900p1 of supernatant removed.
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All transformed cells were gently resuspended in the remaining medium and then

plaæd onto L-agar conr¿ining 100pg/ml of ampicillin by spreading with a wire spreader.

The agar plates were routinely incubated àf 31"C ovemight.

2.2.8 Dideoxy-Chain Sequencing Analysis

Sequencing was perforrned by the Sanger et al. (1977) dideoxy method, using the

sequencing reagents supplied in the USB Sequenase Version 2.0 kit.

Double-stranded sequencing was performed using plasmid DNA purified by the

rapid alkaline hydrolysis procedure. The sequencing reaction contained 5-10¡tg of plasmid

DNA or approximately one quarter of the DNA isolated from a 2ml overnight culture was

used per reaction. The DNA was denatured in 0.2M NaOH, 0.2mM EDTA for 15 minutes

at 3J"C. The mixture was then neutralised by passage through a TE equilibrated spin

column (Murphy & Kavanagh, 1988). Sequencing reactions were performed with 7pl of the

eluanr (-2þtÐ, 15ng of primer and ['ss]-dRtp in accordance with the protocol

accompanying the Sequenase Version 2.0 kit.

2.2.9 Gel Electrophoresis of DNA for Sequence Analysis

Sequencing reactions (1-1.5p1) were electrophoresed on 6Vo polyacrylarnide gels

containing 7M urea in IxTBE buffer at 1500-1700 V. The temperature of the gels were

monitored and maintained at a temperature ranging between 55-60"C. Following

electrophoresis, the gels were transferred to Whatman 3MM chromatography paper,

vacuum dried for 60 minutes and the dried gels subjected to autoradiography for

16-24 hours at room temperature.

2.2.10 Preparation of Radiolabelled DNA Probes

Ð Olígo-Løbelling of DNA

Linearised plasmids or isolated cDNA inserts were labelled with ¡ø-32P1-dATP using

the Megaprime DNA Labelling kit (Amersham). Brietly 50-l00ng of DNA was denatured in

the presence of random nonamers in a total volume of 25pl at 100'C for 4 minutes.
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Reactions were set up at room temperature as per the instruction manual, using 50pCi of

[o-"P] dATP andZunits of Klenow fragment in a total volume of 50p1. The reactions were

then incubated at 37oC for 10 minutes before being terminated by the addition of 2pl of

0.5M EDTA, pH 8.0 (final concentration 20mM). The probes were then denatured by

incubation at 100"C for  minutes and quenched on ice before being added to the

hybridisation solution.

iÐ 5' End.-Labetlíng of Synthetíc DNA oligonucleoti.des

The synthetic DNA oligonucleotides used as probes were ¡"P1 labelled at the 5' end

using [1-32P]-ATP and T4 polynucleotide kinase. The reaction mixture contained 100ng of

oligonucleotide, 10mM MgC12, 50mM Tris-HCl, p}J7.4,5mM DTT,0.1mM spermidine,

0.1mM EDTA, 100pCi LT-"pl ATP and 5 units of T4 polynucleotide kinase in a final

volume of 10p1. This was incubated at 37oC for 45 minutes and the reaction terminated

following the addiúon of 40pl of water. The radiolabelled oligonucleotide was then

precipitated with 2pg of poly(dl-dc), 0.1 volume of 3M sodium acetate, pH4.6 and

2.5 volumes of cold 100Vo ethanol at -20oC overnight or placed on dry ice for 5 minutes.

The probe was the pelieted at room temperature by centrifugation at 13000 rpm for

20 minutes, washed once with 200p1 of 70Vo ethanol, dried and resuspended in water.

2.2.11 Oligonucleotide Site-Directed Mutagenesis

í) Preparation of Single-Stranded DNA

Site-directed mutagenesis was perf'ormed on single-stranded DNA, using the

Bio-Rad Muta-Gene Mr73 invitro Mutagenesis Kit based on the method of Kunkel ¿l al.

(19S7). Plasmids to be mutagenised were transformed into the E coli strain CJ236. A single

colony was inoculated into Zml of zYT medium supplemented with 33¡t"glmI

chloramphenicol, 100pg/ml ampicillin and O.5pglml uridine and incubated with shaking

overnight at37"C.4ml of 2YT medium supplemented with 33¡tglml chloramphenicol, 100p

g/rnl ampicillin and 0.5¡rg/mt uridine was inoculated with 200p1 of the overnight culture and
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incubated with shakingat3ToC until an OD600-0.3 (-3-4hours) was obtained. To lml of

rhis culture,20¡t"I of M13K07 helper phage (1010pfu/ml) was added and incubated for

t hour at 37oC with vigorous shaking. 400p1 of the infected culture was inoculated into

10ml of 2YT medium supplemented with 33¡tglml chloramphenicol, 100pg/ml ampicillin,

g.5pglml uridine and7}¡t"glml of kanamycin and incubated with shaking overnight at31"C.

Bacterial cells were centrifuged at 10,000 rpm at 4oC for 15 minutes. The

supernatant was transferred to a clean tube and this centrifugation step was repeated twice.

To rhe phagemid-containing supernatant,0.25 volume of 2.5M NaCUZ}Vo PEG-6000 (final

concentration of 625mMNaCl and 57o (wlv) PEG) was added, gently mixed and incubated

on ice for 30 minutes. The phagemids were collected following centrifugation at 15,000 rpm

at 4oC for 15 minutes and resuspended in 300p1 of TE. The phagemids were extracted twice

with an equal volume of TE-buffered phenol and then once with an equal volume of

CHCl3:Isoamyl alcohol (49:l). The single-stranded DNA was then precipitated with

0.1 volume of 3M sodium acetate, pH 4.6 and 2.5 volumes cold 700Vo ethanol, washed with

90% ethanol and resuspended in 30pl of TE.

ä) Synthesís of the Mutagenic DNA strand

Mutagenic oligonucleotides were phosphorylated by incubating 200pmol of oligo in

100mM Tris-HCl,pH8.0, 10mMMgCl2, 5mMDTT,433nM dATP and 4.5units of T4

polynucleotide kinase in a final volume of 30p1 at 3J"C for 45 minutes. The reaction was

terminated by heating at 65oC for 10 minutes and the phosphorylated oligos diluted to

6pmoVpl.

Approximately 200ng of single-stranded DNA was mixed with 6prnol of the

phosphorylated mutagenic oligo in Annealing buffer (20mM Tris-HCl, pH 7.5, 10mM

MgC12, 50mM NaCl) and 1mM DTT in a final volume of 10p1. The mixture was heated at

68'C for 3 minutes and allowed to slowly cool to room temperature.

To synthesise the complementary DNA strand, the reaction contained the annealed

template, 2.4¡tl of lOxSynthesis buffer (100 mM Tris-HCl, pH 7.5, 50mM MgCl2, 20mM

DTT), 2.4¡t"I of 10mM rATP, 2.4¡l'J of 5mM of each dNTP, lpg of T4 gene 32 protein

(Bresatec), 3 units of T4 DNA polymerase and 5 units of T4 DNA ligase in a f,rnal volume
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of 24¡tI. The reaction was placed initially on ice for 5 minutes, incubated at 25"C for

5 minutes and then incubated at3loc for 2 hours. The reaction was terminated by heating at

65'C for 5 minutes. 5pl of the undiluted mutagenesis reaction was used to transform E- coli

strain DH5o¿ cells as described in Section 2.2.7,usua\ly yielding 100-200 colonies per plate.

Screening of mutants was performed either by restriction enzyme digestion or by

colony screening followed by washing with tetramethylammonium chloride (TMAC1).

2.2.12 Colony Screening

Following transformation of recombinant DNA plasmids or the site-directed

mutagenesis reactions into E. cotiDH1a, the colonies were transferred to nylon membranes

according to the published "Microwave Lysis" protocol (Buluwela et a1.,1989).

F-ilters were pre-hybridised for 4 hours at 42"C n 50Vo formamide, 5xSSPE,

5xDenhardt's solution, 0.17o SDS, 0.05Vo sodium pyrophosphate and 200¡L!ml of

sonicated salmon sperm DNA in roller bottles. Hybridisations were carried out for

12-78 hours under the same conditions, with the addition of radiolabelled probe. Filters

were washed in 2xSSC ,O.lTo SDS at room temperature for 10 minutes and then at 65oC for

10-20 minutes. The filters were then air dried and autoradiographed overnight.

In order to discriminate between colonies containing plasmids with only a single or

multiple nucleotide differences, the filters were washed twice following hybridisation in

200m1 6xSSC for 5 minutes at room temperature and then rinsed briefly in 30ml of

tetramethylammonium chloride (TMACI) solution (3M TMACI, 50mM Tris-HCl, pH 8.0,

2mMEDTA,O.l7oSDS). The filters were then washed in 30ml of TMACI solution at

approximately 10'C below the theoretical melting temperature of the mutagenic primer

(Wood et a1.,1985) for 15-30 minutes and radioactivity monitored during this period. The

filters were air dried and autoradiographed overnight.

The recombinant and mutant colonies were identified by aligning the developed

autoradiogram with the regrown colonies on the original plate. Plasmid DNA from putative

mutagenised colonies was prepared by the rapid alkaline lysis method and used to transform

E. coli DH5s and this was repeated once. All mutants were sequenced for both the desired

mutation as well as for any random mutations introduced during the synthesis reaction.
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2.3 POLYMERASE CHAIN RBACTTON (PCR) AMPLIFICATION OF DNA

The polymerase chain reaction (PCR) was employed to amplfy various genomic

fragments from the human ALAS2 gene using the human genomic clone, pTC-EA1 (Cox

et a1.,1991) or for the amplification of ALAS2 fragments from recombinant plasmid DNA.

All amplified fragments were cloned and sequenced.

The polymerase chain reactions contained 10ng of cosmid template DNA

(pTC-EA1) or 1ng of plasmid DNA, Taq polymerase buffer (50mM KCl, 10mM Tris-HCl,

1.5mM ¡¿gCI2, Q.lVo gelatin) supplemented with an additionat 2mM MgCl2, 25 pmol

(-100ng) each of sense and anti-sense strand oligonucleotides, dNTPs to a final

concentration of l60pM atd 1.25 units of Taq polymerase in a final volume of 50p1. Thirty

cycles of amplification were performed using an automated PTC-100 Programrnable

thermal cycler (MJ Research, Inc.) under the following conditions: Cycle 1: denaturation for

4 minutes 30 seconds at 94"C, annealing for 45 seconds at 62"C, extension for 45 seconds

at7}"C;Cycle 2-30: denaturation for 30 seconds atg4"C, annealing for 45 seconds at 62oC,

extension for 45 seconds atJ2"C.

To climinaæ the possible introduction of random errors in the ALAS2 sequence

during the amplification of the fragment by Taq, the enzyme Pfu DNA polymerase

(Stratagene) was used in later amplifications. The PCR reactions in a final volume of 50p1,

contained 10ng of cosmid template DNA or lng of plasmid DNA, Pfu reaction buffer

(20mM Tris-HCl, pH 8.75, 10rnM KCl, 10mM (NH4)2SO4, 2mM MgCl2, 0.1Vo

TritonX-100, 0.lmg/m1BSA), 200pM dNTPs, 25 pmol each of the sense and anti-sense

oligonucleottdes, lVo glycerol and 2.5 units of Pfu DNA polymerase. The amplification was

performed under the following conditions: Cycle 1: denaturation for 5 minutes at 95oC,

annealing for 2 minutes at 50oC, extension for 2 minutes at72oC; Cycle 2-30: denaturation

for 45 seconds at 95oC, annealing for 50 seconds at 50oC, extension for 1 minute

45 seconds atl2eC; Cycle 31: final extension for 5 minutes at12"C.

80



2.4 SYNTHESIS OF PLASMID CONSTRUCTS

The plasmid, pRSV-LUC, containing the Rous sarcoma viral promoter driving expression

of the luciferase reporter gene was included as a positive control in transfection

experiments. To synthesise this plasmid, a NruI-HindIlI fragment was isolated from

pRSV-CAT and ligated into the SmnUHindIII linearised promoterless firefly luciferase

reporter gene vector, pGL}-Basic (Promega).

2.4.1 Construction of ALAS2 Promoter/Reporter Gene Plasmids

A series of 5'-flanking ALAS2 deletion constructs were generated from subcloned

fragments isolated from the human genomic clone, pTC-EA1 (Cox et al., l99l) and ligated

into pGl2-Basic.

The polymerase chain reaction was performed using pTC-EA1 as the template and

the following primers: primer 1, bound at +12l+36 (relative to the initiation site) and

introduced a HindIII site at +28 and primer 2, which bound upstream of an AvrII siæ at

-1181-699 and resulted in the amplification of a 730 bp promoter fragment (Fig. 2.14). The

amptified product was digested with BgIII and HindIII, and a 321bp fragment ligated into

the similarly digested pGl2-Basic vector. The resulting construct contains ALAS2

promoter sequence from -293 bp to +28 bp and is designated pALAS-293-LUC. The

amplified product was also digested with ,S¿cI and HindIII and ligated into the similarly

digested pBluescript KS+ phagemid to generate pKS-ALASØ20) (Fie.2.l^). This plasmid,

containing ALAS2 promoter sequence from -392 bp to +28 bp was used as a template for

site-directed mutagenesis (as described in Section 2.2.11). Following mutagenesis, the

BgIII-HindIII fragment harbouring the mutation was excised from pBluescript KS+ and

subcloned into the BglIUHindIII digested pGl2-Basic vector.

To synthesise plasmids with promoter lengths of -124 and -21 (Fig. 2.18), a PvUII

site was introduced at these positions in the plasmid pKS-ALASØ20) by site-directed

mutagenesis as described in Section2.2.71. The resulting modified plasmids were digested

with SmnI (polylinker) and PvuII and religated to form pALAS-124-LUC and

pALAS-27-LUC.
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The synthesis of the longer promoter constructs was performed in several steps. In

separate studies, a HindIII site was introduced at -l/-2 in the ALAS2 promoter by

site-directed mutagenesis in a subclone containing -6.0 kb to +5.0 kb of contiguous human

ALAS2 sequence. An XbaI-HiredIII fragment containing 1.9 kb of ALAS2 5'-flanking

sequence was isolated from this subclone, and ligated into pGl2-Basic linearised with

NheIlHindIII (Fig. 2.1C). A 5.1kb KpnI-HindIII fragment was also isolated from this

subclone, containing 5.7 kb of ALAS2 5'-flanking sequence and was ligated into the

similarly digested pGl2-Basic vector (Fig 2.1D). These iniúal constructs terminated at

position -4 and therefore did not contain the native transcription initiation site. To permit a

strict comparison with the shorter ALAS2 promoter constructs, the sequence from around

the native transcripúon initiation site was then re-introduced into these constructs as

follows: an AvrII-HirzdIII fragment (-700 bp to -a bp) was excised from the -1.9 kb

promorer construct and replaced with an AvrII-HindIII fragment (-700 bp to +28 bp) that

was amplified by the polymerase chain reaction, resulting in pALAS-1.9 kb-LUC

(Fig. 2.1C). An NcoI-HindIII fragment (-1.0 kb to -a bp) was removed frorn the -5.7 kb

promoter construct and replaced with the NcoI-HindIII fragment (-1.0kb to +28 bp)

isolated frorn pALAS-1.9 kb to generate pALAS-5.7kb-LUC (Fig. 2.1D).

To synthesise the construct containing 10.3 kb of 5'-flanking region

(pALAS-10.3kb-LUC), pTC-EA1 was digested with CIaI and XhoI arrd a 5.7 kb fragment

cloned into the similarly digesæd vector pSP72 (Bresatec) (Fig.2.1E). An EcoRV-XhoI

fragment isolated from this plasmid was used to replace a 1.1 kb SmaI-XhoI fragment in the

construct pALAS-5.7kb-LUC (Fig. 2. 1E).

To synthesise an ALAS2 promoter/CAT reporter construct containing

approximately 1.9kb of ALAS2 promoter, anXbaI-HirzdIII fragment (-1.9 kb to +28 bp)

was isolated from pALAS-5.7kb-LUC, blunted with Klenow enzyme, and ligated into the

Smalhnearised pIBICAT vector containing the bacterial chloramphenicol acetyltransferase

reporter gene (Fig. 2.2).The resulting construct was designated pALAS-1.9kb-CAT.

ln summary, six chimeric human ALAS2 promoter/luciferase constructs were

synthesised which contained increasing lengths of the 5'-flanking sequence ranging from

-27 bp to -10.3 kb from the transcription initiation site. An ALAS2 promoter/CAT

construct containing 1.9 kb of human ALAS2 promoter was also synthesised. In addition to
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Figure 2.1 Cloning strategies used to generate chimeric human ALAS2

promoter-luciferase reporter gene plasmids

Details of the cloning procedures are outlined in the text.
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Figure 2.2 Construction of a chimeric human ALAS2-CAT reporter gene plasmid

To generate an ALAS2 promoter-CAT expression construct, an XbaI-HindIII fragment

corresponding to -1.9 kb to +28 bp of the ALAS2 gene was isolated from

pALAS-5.7kb-LUC. This fragment was blunted with Klenow enzyme and ligated into the

S mnI ltnearised pIB ICAT vector to produce pALAS - 1 . 9kb-CAT.
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the 5'-flanking sequence, all of these constructs contained 28 bp of the 5'-untranslated

region including exon 1.

2.4.2 Construction of ALAS2Intron and 3'-Flanking/Reporter Gene Plasmids

Ð Synthesís of ALAS2 intron and 3'-flankíng constructs fused to the human

ALAS2 promoter

A series of constructs containing the human ALAS2 intron 1, intron 3 and intron 8

fragments and the 3'-flanking ¡egion were generated from the human genomic clone,

pTC-EA1 (Cox et at., l99l) and ligated into the plasmid pALAS-293-LUC. For simplicity,

the plasmid pALAS-}}3-LUC described in Section 2.4.1 containing ALAS2 promoter

sequence from -293 bp to +28 bp is referred to as pALASp-LUC in this section so as to

distinguish between constructs containing 5'-flanking sequence or intronic sequences.

To synthesise a plasmid construct containing approximately 293 bp of ALAS2

promoter sequence and intron I, a HindIII site was introduced at -11-2 n the ALAS2

promoter and at +497314978 at the translation initiation site located in exon 2 by

site-directed mutagenesis in a subclone containing -6.0 kb to +5.0 kb of contiguous human

ALAS2 sequence. A 289 bp BgIII-HirzdIII fragment (-293 bp to -a bp) and a 4.98 kb

HindIII fragment (-4 bp to +4976 bp) were individually isolated from this subclone. The

289 bp BgIII-HindIII fragment was ligated into BgilI-HindIII digested pGl2-Basic vector

and then the 4.98 kb ^FfindIII fragment was subsequently ligated into this /ÍndIII linearised

plasmid construct (Fig.2.3A). The resulting construct was designated as

pALASp-Inrl-LUC and contained approximately 5.269 kb of contiguous ALAS2 sequence.

Clones were initially screened by restriction enzyme analysis and sequenced to confirm the

correct orientation of the intron 1 fragment downstream of the ALAS2 promoter.

The plasmid, pKS-Int3(S50) containing the complete sequence of human ALAS2

intron 3 of approximateiy 850 bp was generated by PCR using the template, pTC-EA1 and

ligated into the EcoRI siæ of pBluescript KS+ and was provided by Dr. Tim Cox. A

Smal-HindIII fragment was isolated from this clone, blunted with Klenow enzyme and

Iigated upstream of the 293 bp ALAS2 promoter, into the Sm.al ltnearised pALASp-LUC

and the resulting construct designated pALASp-Int3-LUC (Fig. 2.38). Only clones of this

plasmid construct containing intron 3 in the native orientation were isolated.
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To isolate sequence of intron 8, the polymerase chain reaction was performed using

pTC-EAl as the template and the following primers: I8 primer 1, which bound at the

exon/intron boundary of exon 8 and intron 8, and 18 primer 2, which bound at the

intron/exon boundary between intron 8 and exon 9. Each primer contained an EcoR[ site

and together resulted in the amplification of a 562bp intron 8 fragment. The amplified

product was digested with EcoRI, and a 460 bp fragment (as a result of an inærnal EcoRI

site) ligated into the similarly digested pBluescript KS+ vector and the resulting plasmid

designated pKS-Int8(460) (Fig. 2.3C). A Kpnl-BamHI fragment was then isolated from this

clone, ligated into the KpnUBglII linearised pALASp-LUC and the resulting plasmid

construct designated pALASp-Int8(460)-LUC. However, only clones of this plasmid

construct contåining intron 8 in the native orientation were isolated and attempts to

synthesise a construct containing the human intron 8 fragment located downstream of the

luciferase reporter gene were unsuccessful. The KpnI-BamHI fragment was also ligated into

the KpnIlB,glII tinearised construct pALAS-293-mtÍ6-LUC containing a TATA box at the

-27 site, introduced by site-directed mutagenesis. This constructs is referred to as

pALASt-IntS(460)-LUC and clones containing intron 8 in both orientations were isolated.

To synthesise plasmid constructs containing the 3'-flanking sequence of the human

ALAS2 gene, a 2.935kb BglIl-BamHI fragment was isolated from a subclone containing a

9.45 kb HindIII fragment from the genomic clone, pTC-EA1, colresponding to the 3' end

of the human ALAS2 gene (Fig. 2.3D). This BglII-BamHl fragment was ligated into the

BamHI linearised pALASp-LUC, downstream of the luciferase reporter gene. Plasrnid

clones containing the 3'-flanking sequence in both the native (pALASp-3'-LUC) and

reverse (pALASp-3' R-LUC) orientations were isolated.

Plasmid constructs were also synthesised containing both intron 1 and intron 8 in

which a fragment of intron 8 was ligated either upstream of the ALAS2 promoter or

downstream of the luciferase reporter gene. To synthesise a plasmid construct containing a

460 bp intron 8 fragment ligated upstream of the ALAS2 promoter and intron 1, an

EcoRY-SmaI fragment was isolated from pKS-Int8(460) and cloned into lhe SmnI

linearised pALASp-Int1-LUC and the resulting construct designated

pALASp-Int1-5'I8-LUC (Fie. 2.38). However, only plasmid clones of

pALASp-Intl-5'I8-LUC containing intron 8 in the native orientation were isolated.
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To synthesise the plasmid construct, pALASp-Intl-3'I8-LUC, in which intron 8 was

ligated downstream of the luciferase reporter gene, an EcoRY-SmnI fragment was isolated

from pKS-Int8(460) and ligated into the ,S¿lI linearised pALASp-Intl-LUC blunted with

Klenow enzyme (Fig. 2.3E). Plasmid clones were isolated which contained the intron 8

fragment in both orientations and these constructs are designated pALASp-Intl-3'I8-LUC

and pALASp-Intl-3'I8R-LUC to disúnguish between the intron 8 fragment in the native

and reverse orientations, respectively.

íÐ Synthesis of ALAS2 intron constructs fused to the heterologous thymidine kinase

promoter

Plasmid constructs were also synthesised containing the human ALAS2 intron I and

intron 8 ligated upstream of the thymidine kinase promoter in the plasmid ptk-LUC. The

plasmid construct, ptk-LUC contained a l64bp BamHI-BgIII fragment of the thymidine

kinase promoter isolated from pBLCAT2 (Luckow & Schutze, 1987) and ligated into the

BgIII linearised pGl2-Basic vector and was kindly provided by Dr. C. Hahn.

To synthesise a plasmid construct containing an intron 1 fragment ligated upstream

of the thymidine kinase promoter, a 3.984kb ,SacI fragment containing the majority of

putative transcription factor binding sites identified within intron 1, was isolated from

pALASp-Intl-LUC and ligated into the similarly digested ptk-LUC vector and the resulting

construcr designated, ptk-Intl-LUC (Fig. 2.3F). Plasmid clones which were isolated only

contained the int¡on 1. fragment in the native orientation.

To synthesise plasmid constructs containing a 460 bp human intron 8 fragment

ligated upstream of the thymidine kinase promoter, a KpnI-SacI fragment and a Kpn-Smnl

fragment were individually isolated from pKS-Int8(460) and ligated in the native and

reverse orientations, upstream of the thymidine kinase promoter in the similarly digested

ptk-LUC ro generate ptk-Int8(460)-LUC and ptk-Int8(460)R-LUC, respectively (Fig.

2.3G).

Sequence comparison of the human and murine ALAS2 intron 8 sequences revealed

numerous putative transcription factor binding sites which were conserved between the two

species (Cox, 1993). Therefore plasmid constructs were synthesised which contained the

corresponding fragment of the murine ALAS2 intron 8 ligated upstream of the thymidine
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Figure 2.3 Cloning strategies used to generate chimeric ALAS2 intron and

3' -fl ankin g-luciferas e reporter gene pl asmids

Details of the cloning procedures are outlined in the text'
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kinase promoter (Fig. 2.3H). A 330 bp XbaI-SspI fragment containing the murine ALAS2

intron 8 sequence was isolated from a genomic clone Qcindly provided by Helen Chandler)

and ligated in the reverse orientation into the SmnIlNheI linearised ptk-LUC. The resulting

construct is designated ptk-mInt8(330)R-LUC. However, repeated attempts to synthesise a

plasmid construct containing the murine ALAS2 intron 8 sequence in the native orientation

were unsuccessful.

2.4.3 Construction of Human ALAS2Intron I Deletion/Reporter Gene Plasmids

A series of ALAS2 intron 8 deleúon constructs ranging in length from 400 bp to

115 bp were synthesised.

To synthesise a plasmid construct containing 400 bp of human ALAS2 intron 8

sequence, a 400 bp PsrI fragment was isolated from pKS-Int8(460), blunted with T4 DNA

polymerase enzyme and ligated into the SmnI linearised pALASp-LUC to create

pALASp-Int8(400)-LUC (Fig. 2.4A). To generate a plasmid containing 279bp of intron 8

sequence extending from the native HindIII site to the EcoRI site introduced at the end of

intron 8, the plasmid pALASp-Int8(460)-LUC was digested with ËfindIII and the 600 bp

HindIII fragment containing intron 8 and the ALAS2 promoter was religated with the

vector fragment and the resulúng plasmid designated pALASp-Inr8(219)-LUC (Fig. 2.48).

To further analyse this region , the 279 bp intron 8 fragment was subdivided into two smaller

fragments of 115 bp and 177 bp which were amplified by PCR using the template,

pALASp-Int8(400)-LUC and I8 primer 3 with I8 primer 4, and 18 primer 5 with

ISprimer6, respectively (Fig.2.4C). This resulted in the amplification of a 115bp and a

I77 bp fragment which were each digested XhoI a¡ñ,SølI site and individually ligated into

the Xhollinearised pALASp-LUC plasmid in both orientations. The resulting plasmids were

designated as pALASp-Int8(l15)-LUC and pALASp-Int8(171)-LUC, respectively. To

synthesise a plasmid construct containing a 235 bp fragment of intron 8 sequence from the

native PsrI site extending to the introduced ,SølI site, the polymerase chain reaction was

employed using pTC-EA1 as the template and 18 primer 1 and I8 primer a (Fig. 2.4D). The

amplified fragment of approximately 400 bp was digested with PsrI and 'SalI and the 235 bp

fragment ligated into the similarly digested pBluescript KS+ vector to generate

pKS-Int8(235). This plasmid was digested with \ruil and ,SalI and ligated into the
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Figure 2.4 Construction of human ALAS2 intron I deletion constructs

Human ALAS2 intron 8 deletion constructs were generated, ranging in length from 400 bp

to 115 bp. The details of the cloning procedures are outlined in the text. The mutated sites

are represented by a cross.
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Sm,allXhol linearised pALASp-LUC to generate pALASp-Int8(235)-LUC (Fig' z'aD)' A

120 bp SmnI-Hin,dIII fragment was then isolated from this plasmid, blunted with Klenow

enzyme and ligated into the SmaI ünearised pALASp-LUC to create

pALASp-Int8( 120)-LUC (Fig. 2'4D) -

2.4.4 Site-directed Mutagenesis of the Human ALAS2 Intron I Sequence

Site-direcred mutagenesis was performed with the plasrnid pKS-Int8(235)

containing 235 bp of human ALAS2 intron 8 sequence. Following mutagenesis, a

SmaI-XhoI fragment harbouring a single mutation was excised from pKS-Int8(235) and

ligated into the similarly digested pALASp-LUC Gig' 2'51^)'

To generate constructs contâining the mutated CACCC site A in combination with

either the mutated CACCC site B, GATA site A or GATA site B, a two-step cloning

procedure was performed (see Fig. 2.58). The plasmid pAlASp-mutl-LUC containing the

mutated CACCC site A was digested with HindÍII and SaII, the 115 bp fragment removed

and replaced with a HindIIl-SaII fragment isolated from pALASp-mut2, mut3 and

mut4-LUC containing a mutation in CACCC site B, GATA site A and GATA site B,

respectively (Fig.2.5B). A SmaI-XhoI fragment harbouring the double mutations

introduced into the human intron 8 sequence was then isolated from pALASp-mut5-LUC

and pALASp-mur7-LUC (Fig. 2.58) and ligated into the similarly digested ptk-LUC vector.

2.4.5 Synthesis of Plasmid Constructs for use in Transactivation Assays

The plasmid reporter constructs, pClG3tk-CAT, containing four copies of the

EKLF responsive CACCC (-941-81) derived from the adult B-globin promoter ligated

upstream of the thymidine kinase promoter fused to the CAT reporter gene, and pp

-globin-CAT containing the murine adult B-globin promoter, (kindly provided by

Dr. J. Bieker), were employed as posiúve controls in co-transfection assays. Plasmid

constructs were then synthesised which contaìned the luciferase reporter gene. An

NdeI-XhoI fragment from pClG3tk-CAT (Bieker & Southwood, 1995) was blunted with

Klenow enzyme and ligated into the SmnI linearised pGl2-Basic to generate

p(CAC)atk-LUC. The plasmid, pB-globin-Luc was constructed by the removal of the
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Figure 2.5 Strategy used to introduce mutations in the human ALAS2 intron 8

sequence

A A PvuII restriction site was introduced at each CACCC and GATA site (boxed) n

the plasmid pKS-Int8(235). A Smal-XhoI fragment harbouring a single mutation at either

CACCC site A (CAC-A), CACCC site B (CAC-B), GATA site A (GATA-A) or GATA

site B (GATA-B) was excised and ligated into the similarly digested pALASp-LUC.

B Plasmid constructs containing a mutation in CAC-A in combination with a mutation

in CAC-B, GATA-A or GATA-B in human ALAS2 intron 8 were generated as described in

the text.
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XbaI-BglU. fragment from pB-globin-CAT (Bieker & Southwood, 1995) and the subsequent

li gation into the N h eU B g III linearised pGL2-B asic.

A series of ALAS2 promoter constructs were synthesised for use in transactivation

assays. Plasmid constructs containing l52bp (-124 bp to +28 bp) of ALAS2 promoter

sequence were generated by PCR using as templates the plasmids pALAS-Z93-LUC and

pALAS-293mut7-LUC (containing a mutation introduced aÍ. -54), and primer 1 with

primer 3. Following digestion of the amplifred products with B6III and HindIII, the

resulting fragments were individually cloned into the similarly digested pGl2-Basic vector.

The resulting constructs were designated pALAS-124-LUC and pALAS-124mut-LUC,

respectively (Fie. 2.64).

ALAS2 promoter constructs which terminated at -4 and did not contain the

transcription initiation site wero created by PCR using as templates the plasmids,

pALAS-124-LUC and pALAS-l24murLUC and primer 3 and RW-142 (Fig. 2.68). These

amplified products were digested with BgIII and HindIII,ligated into the similarly digested

pGl2-Basic and designated pALAS-124-CAP-LUC and pALAS-124muI-CAP-LUC,

respectively (Fig. 2.68).

ALAS2 promoter constructs (-124 bp to +28 bp) containing a mutation in the

putative CACCC site located at -31+5, (5'-ACCCACCT-3' to 5'-ACCCGTT-3') were

generated by PCR using as templates the plasmids, pALAS-124-LUC and

pALAS-124mut-LUC, and primer 3 with primer 4 (Fig. 2.6C). The amplified products were

digested with,86/II and HindIII and ligated into the similarly digested pGl2-Basic vector.

The resulting plasmids were designated pALAS-l24CAPmut-LUC and

pALAS-124mutCAPmut-LUC and contained an introduced mutation at +21+4 and the

wild-type or the mutated -54 CACCC sequence, respectively (Fig. 2.6C).

Two additional ALAS2 promoter constructs (-27 bp to +28 bp) were synthesised

for use in transactivation assays, pALAS-27-LUC and pALAS-27mut-LUC containing an

introduced mutation aL +21+4 (Fig. 2.6D). These two fragments were amplified by PCR

using as templates the plasmids, pALAS-724-LUC and pALAS-124CAPmut-LUC and

primer GNIA-Z7 with primer 1, then digested with PvøII and HindIII and ligated into the

SmnUHindIII digested pGl2-Basic vector (Fig. 2.6D).

Plasmid constructs containing 152 bp of ALAS2 promoter sequence (-124 bp to

+28 bp) were also generated in the vector, pCATOO containing two synthetic poly A sites
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Figure 2.6 Synthesis of chimeric human ALAS2 promoter-luciferase reporter gene

plasmids for use in transactivation assays

A series of human ALAS2 promoter-luciferase constructs were generated by PCR (details

are described in the text). The primers used in the amplification of ALAS2 promoter

sequence are indicated. The location of the mutated sites are shown and are represented by a

CTOSS



A

->
Primer 3

1

ê-
Primer 1

+28 bp

->
Primer 3

<-
Primer 1

pALAS-293
mutT-LUC

Bglll
I t

-124 bp

pALAS-293-LUC

pALAS-124-LUC

-293 bp -54 +1 +28 bp

Digest ampl¡f¡ed products with Bgf I and Hindlll

and ligate into pGL2-Basic

Hrrrdlll

pALAS-124
mut-LUC

+1 +28 bp

+1
+28 bp

Bgll site
el -124

-124 bp +1 -54-54

LUCGGGTGGGTGGGG

LUCGGGTGGGTGGGG
LUC



B

-------+
Primer 3

<-
RW-l42

+1

Hindlll site
al4

+28 bp

<-
RW-142

+1

Hindlll site
al -4

-4bp

+28 bp

pALAS-124
mut-LUC

->
Primer 3

-124 bp

:l24bp

pALAS-124-LUC

pALAS-124
.CAP.LUC

Bgnt

-124 bp

-124bp

-54

-54

Digest amplified products with Bglll and H/ndlll

and ligate into pGL2-Basic

pALAS-124mut
.CAP.LUC

-54

-54

LUCGGGTGGGTGGGG
LUC

LUCGGGTGGGTGGGG LUC

-4 bp



c
+
Primer 3

-124bp

<-
Primer 4

pALAS-124
mut-LUC

----+>Primer 3

-124bp

<-
Primer 4

+28 bp
.11

mutation
al +21+4

pALAS-124-LUC

pALAS-124
CAPmut-LUC

-54 -, 
1

+28 bp

mutation
at +21+4

Digest amplified products with Bglll and H/ndlll

and ligate into pGl2-Basic

pALAS-124mut
CAPmut-LUC

-54

LUCGGGTGGGTGGGG
LUC

LUCGGGTGGGTGGGG
LUC

-124 bp -54 +1
+28 bp

-124 bp -54 +1
+28 bp



D

->
GATA-27

<_
Primer 1

pALAS-124
CAPmut-LUC

+28 bp

Digest amplified products with Pvull and Hindlll

and ligate inlo Smal-Hindlll digested pGl2-Basic

pALAS-27mut-LUC

->
GATA-27

1
introduce Pvsll site

al -27

<-
Primer 1

+28 bp

pALAS-124-LUC

pALAS-27-LUC

introduce Pvull site
al -27

+1

-124 bp

1
+1 -124bp +1

Small
Pvt¡trl

Small
Pvt.li.l

-27 bp-27 bp +1
+28 bp +28bp

LUC LUC

LUC LUC



inserted upstream of the CAT reporter gene (Fig. 2.1). A BgIII-HindIII fragment was

isolated from the plasmids, pALAS-124mut-LUC contaìning a mutation at the -54 CACCC

soquence and pALAS-124CAPmut-LUC contåining a mutation at +21+4, blunted with

Klenow enzymeand individually ligated into the Smnlltnearised pCATOO vector (Fr$.2.1).

2.5 METHODS FOR THE IN VITRO DIF'FERENTIATION OF ERYTHROID

CELL LINES

2.5.1 Cell Maintenance

The human erythroleukemia cell line, K562 and the murine erythroleukemia MEL

DS-19 cell line were both maintained in RPMI 1640 medium contåining 707o fetal calf

serum. The murine erythroleukemia cell line, MELC 707T was maintained in Ham's F12

medium supplemented with 10% FCS. The murine erythroleukernia MEL F4-I282 (kindly

provided by Dr. G. Bergholz, Hamburg, Germany), and JZE cell lines, COS-1 and CV-l

cells were all maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented

wíth 10Vo fetal calf serum.

All cells were routinely maintained in 175c*' flusks (Falcon) at 3J"C in an

atmosphere of 5Vo CO2 and subcultured every 2-3 days. The COS-1 cell line was grown in

1700cm2 roller bottles (Corning) at37"C in the absence of CO2, to obtain large quantities of

cells required for transient transfection experiments. To subculture the suspension K562,

MEL DS-19, MELC 701T or JZE cell lines, cells in approximately 25mI of culture media

were pelleted by centrifugation at 1200 rpm for 5 minutes, then resuspended into fresh

media. To subculture the adherent Ì/rELF4-1282 ceII line, the culture media was removed

and cells washed once in PBS before the addition of 2ml of trypsin solution (0.77o trypsin,

0.02Vo EDTA). Cells were left to detach at room temperature for approximately one

minute, resuspended in 10ml of culture media and then seeded into fresh media. The

parental CV-1 and the derived COS-I cell lines were passaged as described for the

MELF4-1282 cell,line except that these cells were washed twice with PBS and then

trypsinised for 4-5 minutes. All cells were routinely subcultured by splitting approximately

1:4 into fresh media and incubated at 37"C-
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ß1gare2.7 Map of the human ALAS2 promoter'pCATOO plasmids

Two ALAS2-CAT expression plasmids were generated, containing -l24bp to +28 bp of

ALAS2 promoter sequence in the plasmid, pCATOO. The location of the introduced

mutations (cross) and the synthetic polyA site are shown. The details of the cloning

procedures employed in the generation of these two constructs are outlined in the text.
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2.5.2 In vítro Differentiation of Erythroid Cell Lines

Ð Dimethyl sulfoxí.d.e (MeZSo)-índuced differentiøtion of MEL celllínes

MEL cell lines were chemically induced to differentiate with Me2SO (Sigma). The

DS-19 cell line was seeded at a density of 2.5x105 cells/ml in RPMI medium supplemented

with I1Vo FCS containng 27o Me2SO, and grown in culture for 3 days (Sassa, 1983).

MELC 701T cells (5x10t/.¡ in Ham's F12 medium supplemented with 10% FCS and

l.9Vo Me2SO was induced to differentiâte over a period of 6 days (Friend et al., 1971). The

adherent MELF4-I282 cell line (5x105 cells/mt) in DMEM medium supplemented with

107o FCS was induced to differentiate by culturing with 1.86Vo MezSO for 6 days (Ostertag

et al., 1972).

iÐ Hemin-induced diJJ'erenti.øtiott of the K562 cell line

The K562 cell line was induced to differentiate with hemin using a lmM stock of

freshly prepared hemin. lmM hemin was prepared by dissolving hemin n 0.25Vo calcium

carbonate and adjusting the pH to 7.4, by the addition of 1M HCl. This solution was then

særilised by filtration through a 0.2pm filter. The suspension K562 ceil line was seeded at a

density of approximately 1x106 cellsiml in RPMI medium supplemented with 107o FCS

containing 20¡tM hemin and maintained in this culture for 3days (Weber-Benarous et al.,

1988).

äÐ Staining of cells with 2,7 dianúnofluorene (DAF), an indicøtor of hemoglobin

synthesis

To stain for hemoglobin positive cells, the diaminofluorene staining procedure was

employed (Kaiho & Mizuno, 1985; Worthington et aI., 1987). A stock solution of

diaminofluorene was prepared by dissolving 50mg of diaminofluorene in 5ml of 90Vo acetic

acid and stored at 4oC. To 5ml of 200mM Tris-HCl, p}l7.6, l00pl of DAF solution and

100p1 of hydrogen peroxide were mixed together until the solution turned pale blue and

then 100p1 of this solution was mixed with 100p1 of cell suspension, incubated at room

temperature for approximately 5 minutes and the number of blue stained cells counted.
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2.6 METHODS FOR EXPRESSION OF PROMOTER CONSTRUCTS IN

TISSUE CULTURE CELL LINES

A number of parameters identified in previous studies performed by Dr. G. Braidotti

(lgg2) and shown to influence the transfection efficiency of mammalian cells included the

passage number and cell density. Consequently, cell lines were maintained in culture f'or a

maximum of five to seven passages. Adherent celi lines including MELF4-12B2 and

COS-1, were electroporated when the cell monolayers were approximately l0-80Vo

confluent. Exponentially growing cultures of the suspension K562 cell line were achieved by

seeding the culture at a density of approximately 5x10s cells/ml into fresh medium,

l1-z4hours prior to transfection. Cells used for electroporation, were harvested as

described in Section 2.5.1, washed twice in 10ml of PBS, pelleted by centrifugation and

resuspended in the appropriate electroporation buffer.

All plasmid DNA utilised in these transfection studies was subjected to one round of

purification by the cesium-chloride/ethidium bromide equilibrium density gradient procedure

and quantified by spectrophotometry as described in Section2.2.2. The plasmid DNA was

analysed by agarose gel electrophoresis to determine concentration, supercoiling and RNA

contamination. One round of cesium-chloride density gradient purification was sufficient to

remove essentially all of the RNA.

As an internal control for tranfection efficiency, a B-galactosidase expression

plasmid, pRSV-B-gal, containing the B-galactosidase gene under the control of the Rous

sarcoma viral promoter was co-transfected with each of the plasmid constructs. Optimal B

-galactosidase activity was obtained in K562 and COS-1 cell lines co-transfected with 5 pg

of pRSV-Bgal and the MEL F4-1282 cell line with 10pg of this vector (data not shown).
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2.6.1 Tfansfection of Erythroid MEL Cell Lines by Electroporation

r.) Transíent transþction of the erythroi.d MEL F4-1282 ceII líne

For electroporaúon, the MEL F4-1282 cell line was grown to 80Vo confluency,

harvested by trypsinisaúon, resuspended in media and washed twice in PBS as described in

Section 2.5.1. MEL cells (107) resuspended in 500p1 of cold PBS containing 10mM

Hepes, plH7.5,2 pmol of reporter construct, 10pg of pRSV-Bgal and 250pg of sonicated

salmon sperm DNA were added to a cuvette, gently mixed and incubated on ice for

10 minutes. These cells were then exposed to a single 300-volt pulse at a capacitance of

960 microfarads using the Bio-Rad Gene Pulser and incubated on ice for a further

10 minutes before seeding into petri dishes (60 x 15 mm) containing 5ml of DMEM

supplemented with 10% FCS.

Cells were routinely harvested at either 24 or 48 hours following transfection and

assayed for luciferase or chloramphenicol acetyltransferase (CAT) activities, respectively.

The transfected cells were washed once in PBS before resuspending in the appropriate

buffer. As an internal control for t¡ansfection efficiency, B-galactosidase activity was

determined at the same time as the luciferase or CAT activity.

íÐ Stable transfectíon of the erythroí.d MELC 707T cell ltne

For the stable t¡ansfection of MELC 707T cells, cells were harvested as described in

Secrion 2.51. MEL cells (1x108) were resuspended in 500p1 of cold Hepes buffered saline

(HBS) (20mM Hepes, pH 7.05, 137mM NaCl, 5mM KCl, 700pM NazHPO¿ and 60mM

dextrose), 10pg of linearised construct, 1¡rg of the linearised selectable plasmid DNA and

250¡t"g of sonicated salmon sperm DNA were added to a cuvette, gently mixed and

incubated on ice for 10 minutes. These cells were then exposed to a single 400-volt pulse at

a capacitance of 250 microfarads, incubated on ice for a further 10 minutes and resuspended

in Ham's F12 supplemented with \\%FCS at - 1x106 cells/ml. These cells were then

seeded at -1x105 cells/well in a 96 well tray in a volume of 50p1. 48 hours following

transfection, 50pl of Ham's FlZ l}Vo FCS supplemented with 400pg/ml of G418 was

added to a obtain a final concentration of 200¡tglml. Selection with G4l8 (200pg/ml) was
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maintained for 10 days in which all of the mock-transfected cells were killed. Pools of G418

resistant colonies were seeded into 96 well microtitre trays containing a feeder layer of

adherent STO cells and serially diluted 713 to obtain clonal cell lines. Feeder cells were

pre-rreated with the chemical mitomycin C and seeded at a density of lxlOacells/well (J.

Beale, personal communication). The G418 resistant colonies were grown on these feeder

cells for 7-10 days, clonal cell lines obtained and aliquots frozen at -80'C.

2.6.2 Transient Transfection of the K562 Cell Line by Electroporation

Electroporation of the K562 cell line was performed as described by Max-Audit

et at. (1993). Exponentially growing cells, were harvested and washed in PBS as described

in Section 2.5.1. 107 cells in 200p1 of PBS containing 10mM Hepes, pH 7.5 were mixed

with2pmol of reporter construct, 5¡rg of pRSV-Bgal and 250pg of sonicated salmon spenn

DNA and incubated at room temperature for 10 minutes then exposed to a single 200-volt

pulse at 960 microfarads. Following electroporation, cells were left at room temperature for

an additional 10 minutes before seeding into petri dishes (60x15mm) containing 5ml of

RPMI medium supplemented with 107o FCS.

Cells were routinely harvested at 24 hours following transfection, washed once in

PBS before resuspending cells in 100¡rt of the appropriate buffer.

2.6.3 Transient Transfection of the COS-1 or CV-l Cell Lines by Electroporation

The electroporation of the African green monkey kidney fibroblast COS-1 or CV-1

cells were performed by a modification of the method described by Chu et aI. (1987) and

was optimised by J. Beale (personal communication). The cells were harvested by

trypsinisation, and washed twice in PBS as described in Section 2.5.1. COS-1 or CV-1 cells

(5x106) were resuspended in 500p1 of cold Hepes buffered saline (HBS) (20mM

Hepes, pH 7.05, 137mM NaCl, 5mM KCl, 700pM NazHPO+ and 60mM dextrose) were

incubated on ice for 10 minutes with 2 pmol of the reporter construct, 5ltg of pRSV-Bgal,

250¡t g of sonicated salmon sperm DNA and electroporated at a single 300-volt pulse at

960 microfarads. Following t¡ansfection, these cells were incubated on ice for a further

10 minutes and then seeded into petri dishes (60x15mm) containing 5m1 of DMEM
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supplemented with 107o FCS. Cells were harvested 24 hours following electroporation

using a rubber policeman and washed once in PBS before resuspending cells in the

appropriate buffer.

2.6.4 Reporter Gene Assays

Foliowing electroporaúon of cells with luciferase reporter gene constructs,

transfected cells were harvested, washed once in PBS and treated with 100p1 of 1x Cell

Culture Lysis Reagent (Promega) on ice for 10 minutes. Celis were then snap frozen,

thawed on ice, centrifuged for 5 minutes to remove cellula¡ debris, and the supernatants

assayed to determine total protein concentration, luciferase activity and B-galactosidase

activity.

Cells transfected with chlorarnphenicol acetyltransferase (CAT) reporter gene

constructs were harvested, washed once in PBS and resuspended in 100p1 of 250mM

Tris-HCl, pH 7.6. The cells were lysed by three cycles of freeze-thawing and the lysate was

centrifuged for 5 minutes to remove cellular debris. The supernatant was then assayed to

determine total protein concentration and chloramphenicol acetyltransferase (CAT) activity.

Ð Bradford Proteín Assay

The protein content of the cell lysates was determined using 1pl of cell extract in the

Bio-Rad protein microassay procedure according to the manufacturer's instructions. Bovine

serum albumin was used as the standard. Subsequent iuciferase and CAT assays were

performed with 100pg of cell lysate.

íÐ Assay for Lucíferase Activity

Luciferase activity was measured using a luciferase assay system (Promega) and

measurements determined in a Berthold model LB9502luminometer. A 100pg sample of

cell lysate was added into a small test tube and placed in the luminometer. 300p1 of

luciferase reaction buffer (39mM glycylglycine, 23.3mM MgSOa,7.8mM rATP) and 300p1

of 111pM Beetle luciferin were then injected, and the luciferase activity measured.
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ííi) Assay for þgalactosidase Activíty

B-Galactosidase activity was assayed as described by the method of Herbomel et aI.

(1984). A constanr amount of protein (25ptÐ was added to 500pi of reaction buffer

(100mM NaPO¿, pH7.3, 10mM KCl, lmM MgC12, 50mM B-mercaptoethanol) and the

reacrion initiated with the addition of 100p1 of 2mglml ONPG. The reaction was incubated

at3l"C until a yellow shade was obvious (20-60 minutes) and the reaction terminated with

the addition of 1ml 1M Na2CO3. The absorbance at 420nm was determined and B

-galactosidase activity expressed as (A,a2çffrlpg of protein) x 100 extrapolated to t hour of

reactlon.

iv) Assay for Chlorømphenicol Acetyltransferase GAf) Activity

Prior to the CAT assay, the cell lysate was incubated at 65'C for 5 rninutes to

remove deacetylase activity (Adrisani et al., 1987). CAT activity was then assayed as

described by Gorman et aI. (1982). To 65pl of 250mM Tris-HCl, p}J7.6 containing 100pg

of protein was added 5pl of 10mM acetyl-coenzyme A, 2.5¡tI of ¡14C1 chloramphenicol and

17.S¡t"lof water. The reaction mixture was incubated at 37oC for 2 hours. The reaction was

terminated following the addition of 1ml of ethyl acetate, the solution vortexed to extract

the chloramphenicol, the upper, organic phase was transferred to a clean Eppendorf tube

and the ethyl acetate was evaporated. The residue was dissolved in 15pl of ethyl acetate and

spotted onto silica plates (Merck). Acetylated [1oC] chloramphenicoi was resolved by thin

layer chromatography in a solvent of chloroform:methanol (9.5:0.5). The silica plates were

air dried and autoradiographed at -80oC for 24-48 hours. After autoradiography, the spots

corresponding to acetylated chloramphenicol were cut out and the amount of radioactivity

quantitated by liquid scintillation counting or by densitometry.
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2.7 METHODS FOR ISOLATION AND ANALYSIS OF RNA

2.7.1 kolation of RNA from Tissue Culture Cells

Total RNA was extracted from tissue culture cells using the guanidinium

isothiocyanate procedure described by Chomczynski & Sacchi, (1987). Following RNA

extraction, the absorbance values at 260nm and 280nm of each RNA sample were

determined on a Shimadzu UV-1604 spectrophotometer. The 1r¿eolAzso ratio of the RNA

samples were consistently in the range 1.8-2.0. The relationship of one 4266 unit is equal to

4Opg/ml RNA was used to determine the concentration of RNA'

2.7.2 Northern Hybridisation Analysis of RNA

Ð Northern Blots

RNA for Northern blots (20pg) was denatured in 10mM sodium phosphate, pH7.4,

507o formamide, 2.2M formaldehyde, 0.5mM EDTA at 65oC for 5 minutes, prior to

electrophoresis on lVo agarose gels containing 1.1M formaldehyde and 10rnM sodiurn

phosphare, plH/.4. The RNA was transferred onto Nytran" filters (Schleicher & Schuell)

using capillary transfer with 2OxSSPE. Following transfer, the RNAs were covalently

cross-linked to the filters by exposure to l20mJoules of UV radiation in a Stratagene UV

Stratalinker" 1800 (see manufacturer's instruction manual). Filters were pre-hybridised for

4-16 hours 
^t 

42oC n 50Vo formamide, 5x SSPE, 5x Denhardt's soluúon,0.17o SDS,

0.05Vo sodium pyrophosphate and 200¡rg/ml of sonicated salmon sperm DNA in roller

bottles. Hybridisations were carried out for 18-24 hours under the same conditions, except

for the addition of radiolabelled probe (1-5 x 108 cpm/¡rg). Filters were washed twice in

lxSSPE, 0.1% SDS and 0.057o sodium pyrophosphate at room temperature for 10 minutes

each, followed by one wash in O.5xSSPE,O.lVo SDS and 0.05Vo sodium pyrophosphate at

65"C for 20-30 minutes.

ä) Removal of Probe from Filter

Northern Blots were stripped of probe for re-use by washing blots in 5mM

Tris-HCl, pH 8.0, 0.2mM EDTA, pH 8.0, 0.05Vo sodium pyrophosphate, 0.77o SDS and

I
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0.1x Denhardt's solution for 2 hours at 65-67'C. Filters were then rinsed in 2xSSPE and

either re-used immediately or stored at 4"C between clean pieces of 3MM Whatman paper.

2.8 SOUTHERN BLOT ANALYSIS AND HYBRIDISATION CONDITIONS

2.8.1 kolation of Genomic DNA from Tissue Culture Cells

4x101 cells were harvested, washed once in PBS and resuspended in 700p1of 25rnM

Tris-HCl, pH 8.0, 75mM NaCl and 24mM EDTA, pH 8.0. 0.1volume of llVo SDS was

added and gently mixed by inversion to lyse the cells and nuclei. 200¡t"g of proteinase K was

added and incubated at 3'l"C for 2.5 hours with occasional inversions. The digestion was

then extracted by inversion for 5 minutes, three úmes with an equal volume of TE-buffered

phenol and then twice with an equal volume of chloroform:isoamyl alcohol (24:1). Genomic

DNA was precipitated with 0.1 volume of cold 2M KCI and 2 volumes of cold 100Vo

ethanol, carefully washed with l\Vo ethanol and resuspended in 500p1 of TE at 4"C

overnight.

2.8.2 Southern Blot Analysis

20¡.t g of genomic DNA was digested with the appropriate restriction enzymes and

electrophoresed on 0.8Vo a,garose gels in 1xTBE. Following staining with ethidium bromide,

the gels were visualised under UV light and photographed. Gels were treated with

0.25M HCI for 10 minutes to parúally depurinate the genomic DNA, prior to the

denaturation and neutralisation steps. Denaturation, neutralisation and capillary transfer of

the DNA to Nytran" filters (Schleicher & Schuell) was performed as described in the

manufacturer's protocol, except that the transfer was carried out in 1OxSSPE. Following

transfer, the DNAs were covalentþ cross-linked to the filters (as described in

Section 2.7.2). The filters were pre-hybridised for 4-16 hours at 42"C n 50Vo formamide,

5xSSPE, 5xDenhardt's solution,O.l%o SDS, 0.057o sodium pyrophosphate and 200pg/ml of

sonicated salmon sperm DNA in roller bottles. Hybridisations were performed for 78-24

hours under the same conditions, except for the addition of radiolabelled probe (1-5 x 108
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cpm/pg). Filters were washed once in 2xSSC arrd O.lVo SDS at room temperature for

10 minutes and then once at 65'C for 10-20 minutes.

2.9 METHODS FOR GEL SHIFT ASSAYS

2.9.1 Preparation of Nuclear Protein Extracts

The procedure of Partington et aI. (in press) was used to prepâre nuclear extracts

from K562, MEL F -LLBZ and COS-1 cells. Nuclear extracts were also prepared from

COS-I cells were transfected with 10pg of the murine GATA-I cDNA expression clone,

pXlvíGF-1 or pMT2/RINFE and pMT2/p18w-1, encoding the erythroid-specific subunit of

NF-E2, p45 (Andrews et al., 1993a) and its ubiquitously expressed partner, pl8 (Andrews

et aI., 1993b), respectively.

Cells (4-8x107) were harvested and washed twice in PBS and then washed three

times in PBS containing protease inhibitors (0.5mM PMSF, 0.5mM benzamidine, 10mM B

-glycerophosphate, 2mM levamisole). Cells were resuspended in 10ml of lysis buffer (2mM

MgC12, 20mM Hepes, pH 7.5, 0.5mM PMSF' 0.5mM benzamidine' 10mM B

-glycerophosphate, 2mM levamisole, lpg/ml leupeptin, 1pg/ml aprotinin, 1pg/ml pepstatin,

5pg/ml bestatin) containing 0.05Vo Triton X-100, gently mixed and incubated on ice for 30

minutes. Nuclei were harvested by centrifugation at 2000 rpm at 4oC for 5 minutes, washed

in tysis buffer without Triton X-100 and then resuspended n 2 volumes of this buffer. 4M

NaCl was then added dropwise to a final concentration of 350mM and gently mixed.

Chromatin was pelleted by centrifugation at 12000 rpm at 4oC for 15 minutes. The

supernatant was transferred to a clean Eppendorf and glycerol added to a final

concentrati on of 20Vo and stored at -80'C in 50pl aliquots.

For the detection of CACCC binding proteins, a rapid procedure described by

Andrews and Faller, (1991), and used by Crossley et aI. (1996) was employed to prepare

nuclear extracts from K562, MEL and CV-l cells and CV-l cells transfected with 20pg of

the murine EKLF cDNA expression clone, pSG5iEKLF.
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2.g.2 Preparation of Radiolabelled Annealed Oligonucleotide Probes

Single-stranded oligonucleotides were gel purified and 100ng labelled with [y
t'p1-ATp using T4 polynucleotide kinase as described in Section2.2.l0. A three mola¡

excess of the unlabelled complementary oligonucleotide was annealed to the ¡32P1-labeled

oligonucleotide in 100mM NaCl by incubation at 100"C for 2 minutes, 70oC for 10 minutes

and then allowing the samples to slowly cool to room temperatllre. The ¡32P1-labe[ed

annealed oligonucleotides were precipitated and washed to remove unincorporated

radioactivity and resuspended in 100p1 of TE.

Unlabelled oligonucleotides were also annealed for use in competition assays. lpg

of each sense and anti-sense oligonucleotide in 100mM NaCl in a volume of 100p1, were

annealed as described above.

2.9.3 Gel Shift Assay

Binding reactions used in the detection of GATA and NF-E2 binding proteins

contained 5pg of nuclear protein, 2pg poly(dl-dc) in 15pl of 25mM Hepes, pH 7.9

containing 60mM KCI,7.5Vo glycerol, 0.lmM EDTA, 5mM MgCl2, 0.75mM dithiothreitol

and 2mM spermidine and incubated on ice for 10 minutes. Radiolabelled probe (lng) was

added to the reaction and incubated on ice for a further 30 minutes. In supershift assays, 2pl

of the GATA-I specific monoclonal antibody, N-6 (Ito et aI., 7993), (provided by

Dr. G. Partington) was incubated in the binding reaction prior to the addition of probe.

Retarded nuclear protein complexes were resolved on a pre-electrophoresed 67o

non-denaturing polyacrylamide gel in 0.25xTBE at 180 V for 2.5 hours at 4oC.

Binding reactions used for the detection of GATA binding proteins was also

ernployed for the detection of the thyroid hormone receptor. For the optirnal binding of

retarded complexes, the binding reaction was incubated at 25oC rather than on ice.

For the detection of protein binding to the -27 GATA site, the binding reaction

protocol described by Fong and Emerson (1992) was used. 1pl (20ng) of purified

recombinant human TBP (Promega) was used in the binding reaction and poly(dl-dC) was

omitted. The reaction was incubated at 25"C for 30 minutes and retarded nuclear protein

complexes were resolved on a pre-electrophoresed 5% non-denaturing polyacrylamide gel

a
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(containing 0.05Vo NP40, 5Vo glycetol, 0.5mM dithiothreitol and 1mM EDTA, pH 7'0) in

0.5xTBE at250 V for 2 hours at 4oC.

¡a experiments designed to determine the binding atrtnity constants (IÇ) of GATA-I

and TBp, binding reactions and electrophoresis conditions were performed as described

above with a constant amount of radiolabelled oligonucleotide probes and serial dilutions of

TBp or a purified GST-GATA-1 zinc finger fusion protein (GST-GATA-1(Ð) prepared as

described by Smith and Johnson (1988).

Binding reacrions used in the detection of CACCC binding proteins and the

supershift assays using polyclonal antibodies to BKLF, EKLF and Sp1 were performed as

described by Crossley et aI. (1996). The polyclonal antibodies to BKLF and EKLF were

generously provided by Dr. M. Crossley. The Sp1 polyclonal antibody; Spl (PEP 2) (Santa

Cruz Biotechnology, Inc.), was a gift from Dr. M. Shannon'

For the detection of ets binding in gel shift assays, the binding protocol reported by

Higashino et aI. (1993) was employed. Briefly, the binding reaction consisted of 5pg of

nuclear protein, Z¡t"g of poly(dl-dC) in 20mM Hepes, pH7.9 containing 50mM NaCl,

0.5mM EDTA, 5Vo glycerol, lmM dithiothreitol and lng of probe. The binding reaction

was incubated on ice for 15 minutes and following the addition of probe incubated at 25oC

for 30 minutes. The retarded nuclear protein complexes wero resolved on a

pre-electrophoresed 4Vo non-denaturing polyacrylamide gel in 0.25xTBE buffer.

Get shift competition assays were performed with unlabelled competitor

oligonucleotides included in the binding reactions. Following electrophoresis, the gels were

transferred to 'Whatman 3MM paper, dried and exposed to Kodak X-Omat AR film.

2.IO MISCELLANEOUSMETHODS

2.L0.1 Densitometric Quantitation of Bands on Autoradiograms

Quantitation of bands on autoradiograms was petformed on a Molecular Dynamics

computing laser densitometer, using their ImageQuant data analysis software. Exposure

times were adjusted so that the signals were within the linear range of the frlm used. In

addition to autoradiography, radioactivity was also detected by using storage Phosphor
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2.10.2 Computer Analysis

The computer software package "GCG Sequence Analysis Software Package"

(Devereux et aI., 1984), and in particular the program, "FIND" was used to identify

putative transcription faetor binding sites in the human ALAS2 gene sequence.
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CHAPTER THREE: EVALUATION OF ERYTHROID CELL LINES SUITABLE

FOR TRANSTENT TRANSFECTION STUDMS AND SYNTHESIS OF A STABLY

TRANSFECTED MEL CELL LINE

3.1 INTRODUCTION

As described in Section 1.13, the development of transformed erythroid cell lines

such as MEL, JZ¡- andK562 cells has provided the opportunity to investigate the regulatory

processes which occur during the latter stages of erythroid differentiation. Transcriptional

activation of the genes encoding the enzymes of the heme biosynthetic pathway must be

coordinated with that of the cr- and B- globins for the efficient synthesis of hemoglobin.

Following exposure of MEL cells to MøSO or I2E cells to Epo (Klinken et a1.,1988), the

levels of ALAS2 rnRNA (Elferink et aI., 1988; Fujita et aI., 1991; Busfield et al., 1993) utd

transferrin receptor (TfR) mRNA (Chan et al., 1994; BusfieLd et al., 1993) are markedly

increased, iri parallel to the dramatic increase in globin gene transcription (Ross et al.,1972;

Nudel et a1.,1,977; Orkin et a1.,1971; Busfield et a1.,1993). These erythroid cell lines thus

provide an abundant source of material that can be readily manipulated for molecular

expression studies.

The primary objective of this thesis is to identify regions of the human ALAS2 gene

required for transcriptional regulation in erythroid cells. To this end, several MEL cell lines

have been investigated for their suitability in transient transfection experiments and these

studies are described in this chapter. Initial studies with a luciferase reporter gene construct

demonstrated the lack of suitability of two erythroid cell lines; the suspension cell line,

DS-19, and the semi-adherent cell line, MELC 101T. Therefore a Me2SO-responsive stably

transfected cell line was generated in the MELC 707T cell line, in which 1.9 kb of the

5'-flanking region of the ALAS2 gene was fused to the chloramphenicol acetyltransferase

reporter gene. Such an approâch would permit expression of this reporter gene to be

investigated during erythroid differentiation of this stable cell line and these studies have

been included in this chapter. However, while these studies were in progress, an adherent

cell line, MELF4-12B2, was obtained and luciferase activity was readily detected in

transient expression studies performed in this cell line. In addition to the successful t¡ansient
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expression of this cell line, expression of a luciferase reporter gene construct was also

examined in the erythroid !28 andK562 cell lines.

3.2 RESULTS

3.2.1

in vitro

Northern Blot Anatysis of MEL Cell Lines Chemically Induced to Differentiate

To ensure thar the MEL cell lines, suspension DS-19 (Ohta et al., 1976) and the

semi-adherent MELC 707T (Harrison ¿r al., 7978), were indeed suitable for expression

srudies, the levels of endogenous ALAS2, a.- and B- globin mRNAs during erythroid

differentiation were examined. The conditions for the induction of erythroid differentiation

in these MEL cell lines with the chemical inducer, MezSO have been previously reported

(Sassa, 1983; Friend et al., f97Ð. MøSO-induced erythroid cells were st¿ined with

diaminofluorene (as described in Section 2.5.2) to determine the number of cells

synthesising hemoglobin and total RNA was isolated for Northern biot analysis. Total RNA

(20pg) was processed for Northern blotting as described in Section 2.J and the same filter

was subsequently stripped and reprobed for the different mRNAs.

As seen in Fig.3.1A, the proportion of diaminofluorene positive cells prior to

treatment of the DS-19 cells with MezSO was approximately 87o, and as expected this

rapidly increased to 96Vo of the cells after 3 days in the presence of the chemical inducer,

indicating that an extremely high proportion of the cells were synthesising hemoglobin. In

contrast, the proportion of diaminofluorene positive cells in the MELC 707T cell line

increased more slowly than the DS-19 cells from approximately T.37o in uninduced cells to

89Vo at day 7 (Fig. 3.14).

The expression of transcripts encoding ALAS2, the cx- and p- globins and GAPDH

was determined by Northern blot analysis. As seen in Fig.3.1B, endogenous ALAS2, s-

and B-globin mRNA levels in the DS-19 cell line, exhibited a significant increase

(approximarely 30-50 fold) in MøSO-induced cells at day 3 compared with uninduced cells

(day 0). The level of ALAS2 mRNA in the Me2SO-induced MELC 707T cell line was

significantly increased by day 1 post-induction, whereas transcripts for the s- and B-globins

were detected at approximately day 3 and day 2 post-induction, respectively (Fig. 3.18).
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Figure 3.1. Me2SO-induced differentiation of the MEL DS-19 and MELC 707T cell

lines

The DS-19 cell line (2.5x101,cells/ml) was induced to differentiate vnth 2Vo MøSO for

3 days and the MELC 707T cell line (5x10s cells/ml) was induced to differentiate wth I.9Vo

Me2SO for 7 days. During the time course experiments, aliquots of Me2SO-induced MEL

cells were isolated daily, stained for hemoglobin synthesis and total RNA isolated for

Northern blot analysis. Untreated DS-19 and MELC 707T cells were included as negative

controls.

A Me2SO-induced DS-19 and MELC 707T cells were stained daily with

diaminofluorene and positive cells are an indicator of hemoglobin synthesis. The number of

hemoglobin positive cells are expressed relative to the total number of cells. The data is

represented as the percentage (Vo) of differentiated cells during the time course experiments.

B Total RNA was then isolated at the indicated times following the addition of MezSO

to rhe DS-19 and MELC 707T cell lines and 20pg of total RNA was subjected to Northern

blor analysis. The filter was sequentially probed for ALAS2, the o- and B- globins and

GAPDH mRNAs.
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The highest levels of all three transcripts were observed at approximately day 4- However,

the level of GApDH mRNA declined during erythroid differentiation and was reduced

approximately 4-fold (at day 7 post-induction) compared with the level detected in

uninduced MEL cells (day 0). The downregulation of the constitutively expressed GAPDH

transcript during MezSO-induced differentiation which served as a loading control has been

previously reported (Fraser & Curtis, 1937). This downregulation of non-erythroid specific

mRNAs appears to be a characteristic feature of terminally differentiating erythroid cells

(Sherton & Kabat, 1976; Fraser & Curtis, 1987) and therefore GAPDH could not be used

as a loading control.

In conclusion, Northern blot analysis of these two MEL cell lines chemically induced

to differentiate with MezSO demonstrated that both cell lines contain all of the factors

necessary for the induction of ALAS2 gene transcription.

3.2.2 Optimisation of Transient Transfection of Erythroid MEL Cell Lines

To identify and investigate the regulatory regions of the human ALAS2 gene

responsible-for basal and erythroid-specific expression of the gene, it was decided to employ

transient expression studies. A number of methods are available to inf¡oduce recombinant

DNA molecules into mammalian cells invitro (reviewed by Spandidos & Wilkie, 1984)

including the co-precipitation of DNA with either calcium phosphate or DEAE-dextran

sulphate, and electroporation. The introduction of DNA molecules by electroporation has

been successfully used to introduce DNA into both plant and mammalian cells (Chu et aI.,

1987; Maxwell & Maxwell, 1988). This technique involves the exposure of cultured cells to

a pulsed electric field, which presumably creates transient pore formation in the cell

membrane and facilitates the uptake of DNA molecules (Chu er al., 7987). A number of

parameters can influence the transfection effîciency of plæmid DNA into cells by

electroporation and include the quantity of DNA, the salt concentration and temperature of

the electroporation buffer, the volume of electroporation buffer, voltage and the addition of

carrier DNA such as sonicated salmon sperm DNA (Potter et a1.,1984; Chu et a1.,1987).

In the first experiments, it was important to optimise the transfection of each of the

two MEL cell lines, DS-19 and MELC 701T. The expression of two reporter genes, the

fi.refly luciferase gene and the bacterial chloramphenicol acetyltransferase (CAT) gene were
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examined in both cell lines. The plasmids, pRSV-LUC and pRSV-CAT containing either the

luciferase or the chloramphenicol acetyltransferase reporter genes, respectively, driven by

the Rous sarcoma viral promoter were electroporated into both cell lines and expression

compared.

The suspension MEL DS-19 cell line was transiently transfected following a

transfection protocol described for a semi-adherent aprf l|/^E,L cell line (Deisseroth &

Hendrick, Ig78). The DS-19 cells (2x101) were electroporated with either 20pg of

pRSV-LUC or pRSV-CAT plasmid DNA and 250pg of sonicated salmon sperm DNA in

500p1 of cold Hepes-buffered saline (HBS) containing 20mM Hepes, pH 7.05, 137mM

NaCl, 5mM KCl, 0.7mM NazHPO¿ and 6mM dextrose at either 380, 400 or 420 volts at

250 microfarads. In these experiments, 20¡t g of the plasmids, pGl2-Basic (containing the

promoterless luciferase gene) or pIBI-CAT H1 (containing the promoterless CAT gene)

were included as negative controls. Cells transfected with the luciferase or CAT reporter

constructs were harvested at 24 and 48 hours following electroporation, respectively.

Luciferase and CAT acúvities were determined with 100pg of total protein as described in

Section 2.6.4. Optimal CAT activity was detected in cells which were electroporated at a

single 400-vo1t pulse at 250 microfarads, but no luciferase activity was detected at any of

the three voltages examined (datâ not shown). The addition of salmon sperm DNA was

found to increase the expression of the CAT reporter construct approximately 5-fold (data

not shown).

To investigate whether the inability to detect luciferase activity was restricted to the

DS-19 cell line, similar transfections were performed with the semi-adherent MELC 7017

cell line. Exponentially growing cells were transfected using the same protocol and plasmid

constructs (20ptg each) as that described for the successful electroporation of the MEL

DS-19 cell line. As seen in Fig. 3.2, the percentage (Vo) of acetylated chloramphenicol was

approximately Z.S-fold higher in MELC 101T cells compared with DS-19 cells

electroporated with the same amount of plasmid DNA. However, luciferase activity was

again not detectable in lysates of cells transfected with the plasmid, pRSV-LUC (data not

shown).

In conclusion, transient transfection studies using either the MEL DS-19 or

MELC l\'f ce|| lines were found to be not suitable for three reasons: the inability to detect
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MEL cell line DS-19 MELC 7077

Plasmid

7o Conversion 3.6 0.6 8.8 0.7

Figure 3.2 Expression of the plasmid pRSV-CAT in transiently transfected

MEL DS-19 and MELC 707T cell lines

Exponentially growing MEL DS-19 and MELC 707T cells (2x10') were electroporated

with 20¡rg of the plasmid pRSV-CAT and 250p,g of sonicated salmon sperm DNA in

500p1 of cold buffer containing 20mM Hepes, pH 7.05, 137mM NaCl, 5mM KCl,

0.7mM Na,HPOo and 6mM dextrose at a single 400-volt pulse at 250 microfarads (¡rF).

The promoterless plasmid, pIBI-CAT was included as a negative control. Cells were

harvested 48 hours following transfection, the protein concentration of the cell lysate

determined and 100¡rg of total protein assayed for CAT activity.
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expression of the luciferase reporter gene, the difficulty in transfecting these cells which

would require large quantities of the CAT reporter gene plasmid DNA and time consuming

CAT assays performed by thin layer chromatography. An alternative approach, involving

the generation of cell lines stably transfected with ALAS2 promoter/CAT reporter gene

constructs may overcome some of these problems. In addition, the generation stably

transfected cell lines would permit expression of the reporter gene to be examined over a

period of days as the cells were induced to differentiate.

3.2.3 Generation of a Stably Transfected MEL Cell Line: Determination of Selection

Conditions

To distinguish between transfected cells and non-transfected cells, the bacterial gene

encoding aminoglycoside phosphotransferase was employed as a selectable marker. The

aminoglycoside antibiotic 3'-deoxystreptamine (Gal8) normally blocks protein synthesis in

mammalian cells by interfering with ribosomal function. However, expression of the

aminoglycoside phosphotransferase gene in mammalian cells results in the detoxification of

G418. The plasmid, pPGKneoB containing the aminoglycoside phosphotransferase gene

driven by the murinep6k-/ promoter was generously provided by Dr. L. Whyatt (Fig. 3.3)-

Initial experiments were performed to determine the dose of the drug G418 required

for the effective selection against the parental MELC 707T ceII line over al-70 day period.

Cells were grown in culture medium containing G418 (ranging from 5Opg/rnl to 800pg/ml)

for a period of 10 days. The optimal concentration of G418 was determined to be 200pg/ml

and was used in the selection of stably transfected cells.

3.2.4 Generation of MEL Cell Line Stably Transfected with a 1.9kb ALAS2

Promoter/CAT Reporter Construct

As described in Section 3.2.2, expression of CAT activity in transiently transfected

MEL (DS-19 or MELC l07T) cells was extremely low (approximately 3-9Vo) probably due

to the inefficiency of transfecting the cells and the sensitivity of the CAT reporter gene. The

creation of a MEL cell line permanently expressing an ALAS2 promoter/CAT reporter gene

construct could be expected to overcome these problems and thus permit time course
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experiments to be performed with large cell numbers. Since higher CAT activity was

observed in transiently transfected MELC 707T cells in comparison to DS-19 cells, the

MELC 101'1ce11line was chosen for the generation of stably transfected cell lines- A 1.9 kb

ALAS2 promoter fragment (-1.9 kb to +28 bp) thought to contain the necessary elements

required for promoter activity (Fig. 3.3) was ligated upstream of the CAT reporter gene

(pALAS-1.9kb-CAT) and stably integrated into the genome of the MELC 707T cell line.

The plasmid, pRSV-CAT, which efficiently expresses in transiently transfected MELC 1017

cells (Section3.2.2) was included as a positive control.

To increase the efficiency of plasmid DNA integration into the genome, linearised

plasmid DNA was used (Chu el at.,1987). The plasmids pALAS-1.gkb-CAT' pRSV-CAT

and pPGKneoB were linearised with the restriction enzymes HindIII, BamHI and HindIlI,

respectively (Fig.3.3). To obtain a high proportion of selected colonies containing the

repofter plasmid, cells were co-transfected with 10pg of the CAT reporter plasmid and 1pg

of the selectable gene plasmid, pPGKneoB.

The MELC 107T cell line was electroporated with 10pg of linearised

pALAS-1.9kb-CAT or pRSV-CAT and lpg of linearised pPGItueoB as described in

Section 2.6.I. A control was included in which the selectable plasmid DNA, pPGKneop

was omitted. Cells were allowed to recover for 48 hours following transfection and the

media supplemented with G418 to a final concentration of 200¡t"glml. The non-transfected

cells were selected against during the next 10 day period by which time all cells were dead

in the control plate. In order to obtain clonal cell lines, G418 resistant cells were serially

diluted 113 ar¡d seeded into 96 well microtitre trays containing a feeder layer of the adherent

STO cell line which has been successfully used in the generation of permanent cell lines (J.

Beale, personal communication). This feeder layer of cells would provide the nutrients

required to support growth of the transfected MELC 107T cells for a period of

approximately one week. Clonal cell lines transfected with the pALAS-1.9kb-CAT or

pRSV-CAT constructs were initially screened for CAT activity and approximately 80Vo of

the clones expressed acetyl transferase activity (data not shown).

Two independentþ derived clones, A and B, expressing CAT activity and stably

transfected with the pALAS-1.9kb-CAT construct, were chosen for further

characterisation. Genomic Southern blot analysis was performed to confirm the integration

of the pALAS-1.9kb-CAT construct into the MELC 707T cell line. Genomic DNA was
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Figure 3.3 Restriction map of the plasmids, pALAS-1.9kb-CAT' pRSV'CAT and

pPGKneoP

The plasmids, pALAS-1.9kb-CAT and pPGKneoB were linearised with the resÍiction

enzyme, HíndIII and pRSV-CAT with BamHI. The location of restriction sites used to

linearise the three plasmids are indicated.
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isolated from the parental line and the two stable cell lines, A and B (as described in Section

2.8.1) and approximately 30pg of genomic DNA digested with the restriction enzymes

Ecogl or ,SøcI (as described in Section2.2.3). As a positive control, genomic DNA isolated

from the parental cell line was mixed with 10pg of pALAS-1.9kb-CAT plasmid DNA and

also digested with these restriction enzymes. The digested genomic DNA was resolved on a

0.87o agarose gel in IxTBE buffer and transferred to Nytranu as described in Section2.8.2.

A KpnI-ScaI fragment of approximately 2.7 kb was isolated from the plasmid,

pALAS-1.9kb-CAT, and contained the 1.9 kb ALAS2 promoter and approximately 800 bp

of the CAT gene (Fig. 3.aA). This fragment was radiolabelled as described in Section2.I0

and used to probe the genomic Southern blot. The results are shown in Fig. 3.48. Bands of

approximately 2.2kb and 1.5 kb were detected in DNA from both clonal lines digested with

EcoRI and ,SacI, respectively. The 2.2kb EcoRI fragment corresponded to the 1.9 kb

ALAS2 promoter and 284 bp of the CAT gene. The 1.5 kb .SacI hybridising fragment

corresponded to the ALAS2 promoter (Fig. 3.48). In conclusion, clones A and B both

contained 1.9 kb of the human ALAS2 promoter ligated upstreâm of the CAT reporter gene

stably integrated into the MELC 707T cell line.

To show that clones A and B, could still be induced to differentiate with Me2SO, a

time course experiment was performed with these two clones and the parental cell line as

described in Section 3.2.2. As seen in Fig. 3.5A, the proportion of diaminofluorene positive

cells in clone A progressively increased during the 6 day period in a pattern extremely

similar in timing and the number of hemoglobin synthesising cells to that observed with the

parental cell line. In contrast, clone B cells showed a lag in hemoglobin synthesis with

greater than background staining only observed at day 3 post-induction and thereafter. Even

after 6 days, only 62Vo of the clone B cells stained positive for hemoglobin synthesis

compared with95% observed for clone A and parental. (Fig. 3.54).

The expression of endogenous ALAS2 and B-globin mRNAs in clones A and B

were then examined by Northern blot (as described in SectionZ.T). Northern blots were

initially probed with the radiolabelled human ALAS2 oDNA, stripped and reprobed with the

radiolabelled murine B-globin oDNA. As seen in Fig.3.5B, the timing and level of

expression of both ALAS2 and p-globin mRNAs in clone A cells was extremely similar to

the parental cell line. Exposure of the clone B cells to Me2SO resulted in increased levels of

B-globin mRNA but this accumulation was delayed compared to the parental cell line

108



Figure 3.4 Southern blot analysis of genomic DNA isolated from two MELC 7077

cell lines stably transfected with the pALAS-1.gkb-CAT construct

Genomic DNA was isolated from the parental MELC 707T cell line and two independently

derived clones A and B, stably transfected with pALAS-1.9kb-CAT. Genomic DNA was

digested with either EcoRI or SacI, electrophoresed on a 0.8 7o agarose/lxTBE gel and the

DNA was transferred to Nytran" as described in Section 2.8.2. A "P-labe[ed KpnI-ScaI

fragment isolated from pALAS-1.9kb-CAT was used as the probe. Hybridisation was

performed as described in Section 2.8.2. The filter was washed once in 2xSSC and

0.1% SDS at room temperature for 10 minutes, then once in 2xSSC and O.IVo SDS at 65'C

for 10 minutes.

A Restriction map of the HindIII linearised pALAS-1.9kb-CAT construct. Above the

map is shown the probe used in the Southern blot analysis of clone A and B. The expected

size of rhe fragments detected with the KpnI-ScøI probe (approximately 2.7 kb), following

digestion of the plasmid pALAS-1.9kb-CAT with EcoRI or ,S¿cI are indicated.

B Autoradiograph of the filter hybridised with the 2.1kb "P-lub"["d KpnI-ScaI

fragment. Genomic DNA isolated from the parental MEL cell line (lanes 1 and 5), and

clones A (lanes 3 and 7) and B (lanes 4 and 8) were digested with EcoRI and ^SøcI. As a

positive control, genomic DNA isolated from the parental cell line was mixed with 10pg of

pALAS-1.9kb-CAT (lanes 2 and 6) and digested with EcoR[ and ,SacI. The approximate

size of the bands detected with the probe are indicated.
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(Fig. 3.58). Similarly, rhe upregulation of the level of ALAS2 mRNA from these cells was

delayed compared with the parental cell line and this may account for the slower rate of

hemoglobin synthesis.

The expression of CAT activity in clones A and B was also examined following

induction with MezSO. As seen in Fig. 3.5C, high levels of CAT activity were detected in

clone A, at days 1 and 2 post-induction when compared with the uninduced state (day 0),

and expression then gradually decreased during the next 4 day period. Interestingly,

induction of CAT activity occurred at the same time with the clone B cell line although the

expression of the CAT reporter gene was reduced (Fig.3.5C). This is in contrast to the

endogenous erythroid messages that showed a lag in their induction compared with clone A

and the parental cellline. The addition of MøSO was essential to activate expression of the

CAT reporter gene driven by the ALAS2 promoter, since clone A or B cells cultured during

a 6 day period in the absence of the chemical inducer showed only minimal CAT activity.

No CAT activity was detected in the parental cell line (Fig. 3.5C).

In conclusion, a 1.9 kb fragment of the ALAS2 promoter fused to the CAT reporter

gene was stably integrated into the genome of the MELC 101T cell line. These cells were

treated with M92SO to induce erythroid differentiation and cells stained positive for

hemoglobin synthesis. An apparent difference in the Me2so-induced differentiation of the

two stable cell lines was observed, with a lag in both the activation of the ALAS2 and

B-globin mRNAs and the synthesis of hemoglobin with clone B. However, examination of

the CAT reporter gene driven by the 1.9 kb of ALAS2 promoter demonstrated that it was

activated and expressed over a simila¡ time period to that observed with the endogenous

ALAS2 gene. Although the reason for this is unclear, these differences may depend on the

site of integration of the pALAS-1.9kb-CAT construct into the Senome, with the possible

integration of this construct into a region required for the expression and differentiation of a

number of erythroid-specific genes in clone B.

-a
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Figure 3.5 MezSO-induced differentiation of the MELC 707T cell line stably

transfected with the pALAS-1.9kb-CAT construct

The parenral MELC 70lT cell,line and the two clones A and B stably transfected with

pALAS-l.9kb-CAT (5x10s cells/ml) were induced to differentiate with 1.97o Me2SO for a

period of 6 days. Uninduced cells from all three cell lines were included as a negative

control. During the time course experiments, aliquots of the MøSO-induced parental,

clones A and B were isolated daily, stained for hemoglobin synthesis, total RNA isolated for

Northern blot analysis and cells isolated to determine CAT activity.

A Me2SO-induced parental MELC 701T cells, clone A and B cells, were stained daily

with diaminofluorene and positive cells are an indicator of hemoglobin synthesis- The data is

represented as the 7o of dlfferentiated cells during the time course experiment.

B Total RNA was then isolated at the indicated times following the addition of Me2SO

to the parental MELC 701'l cellline and from clones A and B, and 20¡t"g of total RNA was

subjected to Northern blot analysis. The filter was sequentially probed for ALAS2 and p

-globinmRNAs.

C Cells were harvested at the indicated times from the Me2SO-induced and the

uninduced parental MELC 107T cell line and clones A and B. The protein concentration of

each ce|] lysate was determined and 100pg of total protein assayed for CAT activity.

Following autoradiography, the radioactivity in each spot was determined and CAT

activities àre expressed as the Vo of acetylated chlorarnphenicol.
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3.2.5 Detection of the Luciferase Reporter Gene in an Adherent MEL Cell Line and

Northern Blot Analysis of this Cell Line Induced to Differentiate with MezSO

During the course of this project, an adherent MEL cell line, MEL F4-1282 was

acquired. This cell line was investigated to determine whether the inability to detect

luciferase activity was a general feature of MEL cell lines.

The rransfection of the MEL F4-7282 cell line by electroporation was optimised

with the pRSV-CAT plasmid. Electroporation buffer consisting of phosphate buffered saline

(PBS) containing 10 mM Hepes, pH 7.5, successfully used in the transfection of the human

K562 ce1l line by electroporation (Max-Audit et aI., 1,993) was compared with the

Hepes-buffered saline used for the successful transfection of the DS-19 and MELC 7077

cell lines as described in Section 3.2.2. In initial experiments, PBS containing 10mM

Hepes, pH 7.05 produced higher activity of the CAT reporter construct (data not shown)

and therefore was used in the remainder of these studies. In addition to this, CAT activity

was readily detected with both Sprg Q pmol) or 20pg of plasmid DNA and therefore 2 pmol

of plasmid DNA was used in subsequent transient transfection assays (data not shown). To

optimise the buffer volume, approximately 107 MELF4-7282 cells were transfected with

2 pmol of reporter plasmid and250¡t"g of salmon sperm DNA in a volume of either 200p1 or

500p1 of cold PBS containing 10mM Hepes, pH 7.5. These cells were exposed to a single

volt pulse ranging from 100 to 300 volts in increments of 50 volts, at a capacitance of 960

microfarads. The promoterless CAT plasmid, pIBI-CAT was again included as a negative

control (at one voltage 300V, 960pF). Cells were harvested and assayed 48 hours after

electroporation (Section 2.6.4). As seen in Fig. 3.6, maximum CAT activity was observed at

a 300-volt pulse in a final volume of 500p1 of electroporation buffer. Therefore transfection

of the ¡/rELF4-IZF.Z cell line by electroporation consisted of 2 pmol of plasmid DNA, 250

pg of sonicated salmon spenn DNA in 500p1 of cold PBS containing 10mM Hepes, pH 7.5,

at a single 300-volt pulse at 960 microfarads.

To determine whether luciferase activity could be detected in this MEL cell line,

cells were electroporated with 2 pmol of the plasmids pRSV-LUC (8pg) or pGl2-Basic

using the optimised conditions described above. Cells were harvested 24 hours

post-electroporation and assayed for luciferase activity. Expression of pRSV-LUC was

readily detected in this cell line and at approximately 100-fold higher than pGl2-Basic, the
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Figure 3.6 Optimisation of electroporation conditions for the transient transfection

of the MEL F4-12B.2 cell line

Exponentially growing MEL F4-1282 cells (107) in 200¡ú or 500p1 of cold PBS

containing 10mM Hepes, pH 7.5, 2 pmol of pRSV-CAT (approximately 8pg) and 250pg of

sonicated salmon sperm DNA were exposed to a single volt pulse ranging from 100V to

300V at a capacitance of 960 microfarads. The promoterless plasmid, pIBI-CAT was

included as a negative control and cells electroporated at 300V, 960 microfarads. Cells were

harvested at 48 hours following transfection, the protein concentration of the cell lysates

determined and 100pg of total protein assayed for CAT activity.
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negative control. For comparison, luciferase activity was also assayed at 48 hours following

electroporation. These results indicated a similar level of expression to that observed 24

hours post-transfection (data not shown). Consequently, all cell lysates were routinely

assayed 24 hours following transfection.

In conclusion, expression of the luciferase reporter gene was readily detected in the

transiently transfected erythroid MEL F4-1282 cel|.line. To ensure that the MELF4-1282

cell line was suitable for expression studies, these cells were induced to terminally

differentiate with MezSO (Ostertag et al., 1972). MezSO-induced cells were stained with

diaminofluorene to determine the number of cells synthesising hemoglobin and total RNA

isolated for Northern blot analysis as described previously. The levels of endogenous

ALAS2, cr- and p- gtobin mRNAs were examined during erythroid differentiation.

As seen in Fig.3.7A, the proportion of diarninofluorene positive cells was

approximately 2% in the uninduced culture (day 0) and this was significantly increased to

approximately 75Vo in cultures grown for a period of 6 days in the presence of Mo2SO,

indicating that a high proportion of the cells in the culture were synthesising hemoglobin.

ALAS2 mRNA was initially detected at day 2 post-induction with approximately a 15-foid

increase in this transcript detected by day 3 post-induction (Fig. 3.78). A similar increase

was also observed for transcripts encoding PBGD (data not shown). Transcripts for cr- and

B- globin were detected in uninduced MELF4-1282 cells (day 0), but following treatment

with Me2SO the levels of cr- and B- globin transcripts were markedly increased

(approximately 50-fold) at day 2 post-induction. Maximum levels of all four transcripts

were observed at approximately day 4 post-induction whereas the level of GAPDH mRNA

remained relatively unchanged throughout the Me2SO-induced differentiation of the

MELF4-IZB2 cell line (Fig. 3.78).

The expression of transcripts encoding the transcrþtion factors, GATA-I, EKLF

and BKLF were also examined in the differentiating MEL F4-LZBZ cells, using radiolabelled

cDNAs to probe the Northern blot as previously described. EKLF and BKLF transcripts

were distinguished by probing with the following cDNA fragments; a733 bp NcoI-PvzII of

the murine EKLF cDNA (Donze et a1.,1995) and a 513 bp NcoI-Nd¿I of the murine BKLF

gDNA (Crossley et a1.,1996), which did not contain the highly conserved zinc finger coding

region. As seen in Fig. 3.78, the levels of GATA-I and BKLF mRNAs were marginatly
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Figure 3.7 MezSO-induced differentiation of the MEL F4-12 B2 cell line

The MEL F4-1282 cell line (5x105 cells/ml) was induced to differentiate with 7'867o Me2So

and grown in culture for a period of 6 days. During the time course experiment, aliquots of

MezSO-induced MEL cells were isolated daily, stained for hemoglobin synthesis and total

RNA isolated for Northern blot analysis. Untreated N/F;LF4-7282 cells was included as a

negative control.

A Me2SO-induced MEL F4-L1BZ cells were stained daily with diaminofluorene and

positive cells are an indicator of hemoglobin synthesis. The number of hemoglobin positive

cells are expressed relative to the total number of cells. The data is represented as the Vo of

differentiated cells during the 6 day time course experiment.

B Total RNA was then isolated at the indicated times following the addition of MezSO

ro the ¡¿¡ELF4-1282 cell,line and 20pg of total RNA was subjected to Northern blot

anaþsis. The filter was sequentially probed for ALAS2, the cr- and B- globins, GATA-I,

EKLF, BKLF and GAPDH mRNAs.
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increased (approximately 2-3fo1d), whereas expression of the EKLF transcript remained

similar rhroughout the Møso-induced differentiation of the MEL F4-1282 cells.

In conclusion, Northern blot analysis of the MEL F4-LZBZ cell line induced to

differentiate following treatment with MøSO, demonstrated that the endogenous transcripts

encoding ALAS2, g- and p- globins were all significantly upregulated and this correlated

with an increase in the number of cells synthesising hemoglobin. These findings indicate that

this cell line contains all of the factors required for the induction of ALAS2 gene

transcription. Therefore the MELF4-1282 cell line is suitable for use as an in vitro model

to investigate the transcriptional regulation of the human ALAS2 gene. Transient expression

studies performed in this cell line with the human AlAS2/luciferase reporter gene plasmids

are described in ChaPters 4, 5 and 6.

3.2.6 An Investigation into the Suitability of the Erythroid J2E and K562 Cell Lines

for Transient Transfection Studies

Preliminary transient transfection studies were also performed with the erythroid

IZE and K562 cell lines. However, initiat attempts to detect expression of the plasmid

pRSV-LUC transfected in the erythroid JZE cell,line by electroporaúon was unsuccessful. It

was assumed the lack of detectable luciferase activity n JZE cells was due to the same

reasons that activity could not be found in the suspension and semi-adherent MEL cell lines,

and was therefore not pursued further. An investigation into transfecting the JZE cell line by

Dr. S. P. Klinken who generated this cell line, has revealed that these cells are extremely

difficult to transfect (P. Klinken, personal communication). However, the transfection

protocol, "receptor-mediated transferrinfection" using a novel transferrin/poly-L-lysine

conjugate has been successfully ernployed to introduce plasmid constructs into this celi line

(Taxman et aI.,1993).

The K562 cell line has been successfully used in transient transfection studies to

identify critical regulatory regions responsible for the expression of numerous

erythroid-specific genes and was also included in this study (Yu et al., 1997; Rahuel et al-,

1992; Fisch er et aI., 1993; Max-Audit et al., 1993; Fraizer et al., 1994). Traditionally, these

studies were performed with either the CAT (Rahuel et aI., 1992) or the growth hormone

reporter gene systems (Yu et a1.,1991) and recently the luciferase reporter gene (Fischer er
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al., 1993; Max-Audit eta1.,7993;Frnzer et al., 1994) has been successfully used in this

cell line. Consequently, preliminary transient transfection experirnents were performed by

electroporation following the standardised transfection protocol reported by Max-Audit

et al. (7993) used in the successful detection of luciferase activity, with 2 pmol of the

plasmid, pRSV-LUC. Expression of the luciferase reporter gene was detected in these

transiently transfected K562 cells (data not shown).

The suitability of the K562 cell line, which is known to express the embryonic and

fetal globins, was investigated further by inducing these cells to differentiate with hemin for

a period of 3 days (Weber-Benarous et aI., 1988). These cells were stained with

diaminofluorene to determine the number of cells synthesising hemoglobin, and total RNA

isolated for Northern blot analysis to examine the level of endogenous ALAS1 and ALAS2

rrRNAs.

As seen in Fig. 3.84, the proportion of diaminofluorene positive cells was

approximately I4.5% in the uninduced culture (day 0) and this was significantly increased to

approximately 67Vo in cultures grown for a period of 3 days in the presence of hemin.

However, only transcripts encoding ALAS1 but not ALAS2 were detected in these cells

chemically induced to differentiate with hemin (Fig. 3.8B).

In conclusion, expression of the luciferase reportor gene was detected in transiently

transfected K562 cells and these cells can also be induced to differentiate with hemin and

synthesise hemoglobin. However, Northern blot analysis failed to detect ALAS2 mRNA in

either the uninduced or the hemin-induced K562 cells.

3.3 DISCUSSION

In this chapter, several MEL cell lines, the J2E andtheK562 cell lines were analysed

to evaluate their suitability for transient expression studies of the human ALAS2 promoter.

Transient transfection studies performed in two uninduced MEL cell lines; suspension

DS-19 and semi-adherent MELC'707T, failed to detect expression of a luciferase reporter

gene construct but the reason for this is not known. However, while expression of the

bacterial CAT reporter gene was detected in both these MEL cell lines, this reporter gene

was not considered suitable for transient expression studies. This was due to the low level

of CAT activity and the consequent requirement for large quantities of the CAT reporter

113



Figure 3.8 Hemin-induced differentiation of the K562 cell line

K562 cells (1x106 cellsiml) were induced to differentiate with 20pM hemin for 3 days.

During the time course experiment, aliquots of hemin-induced K562 cells were isolated

daily, stained for hemoglobin and total RNA isolated for Northern blot analysis.

A Hemin-induced K562 cells were stained daily for hemoglobin synthesis. The number

of hemoglobin positive cells are expressed relative to the total number of cells. The data is

represented as the Vo of differentiated cells during the 3 day úme course experiment.

B Total RNA was then isolated at the indicated times following the addition of hemin

to the K562 cell line and 20pg of total RNA was subjected to Northern blot analysis. Total

RNA isolated from uninduced DS-19 cells (day 0) and DS-19 cells cultured with MezSO for

3 days, and fetal liver were included as positive controls for the detection of the ALAS2

transcript. The filter was sequentially probed for ALAS2 and then ALASl mRNAs.
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gene plasmid DNA. In contrast, luciferase activity was readily detected in the transientiy

transfected adherent }.y'IFiLF4-12F.2 cell,line, indicaúng that the inability to detect luciferase

activity in the DS-19 and MELC 707T cells is not a common feature associated with MEL

cell lines.

Norrhern blot analysis of MezSO-induced MEL cell lines; DS-19, MELC 707T and

MELF4-12B2 demonstrated that the levels of ALAS2 mRNA, q- and B- globin mRNA

were all significantly upregulated during erythroid differentiation and this was associated

with an increase in the number of cells synthesising hemoglobin. The coordinated activation

of the ALAS2 and globin genes during Me2SO-induced differentiation is in agreement with

previous studies (Fraser &. Curtis, 1987; Fujita et al., 1991) demonstrating that

MEL F4-1282 cells contain alt of the factors necessary for the transcriptional activation of

the ALAS2 gene during erythroid differentiation.

The level of several transcription factors implicated to play a role in the transcription

of other erythroid-specific genes were examined to determine whether a correlation existed

between their accumulation and the transcriptional activation of ALAS2. The level of

GATA-I mRNA was marginally increased following exposure to Me2SO and remained

similar throughout erythroid differentiation of the MELF4-1282 cell line, although Busfield

et at. (1995) reported a marginal decrease in the level of GATA-I mRNA following

exposure to Mo2SO. This discrepancy may be attributable to differences between the strains

of the various MEL cell lines. The findings observed with the expression of GATA-I

mRNA in MezSO-induced MEL cells are in direct contrast to the rapid increase in GATA-1

mRNA which has been observed in both the J2E cell line (Busfield et al., 1995) and

erythroid progenitor cells (Dalyot et al., 1993) following exposure to Epo. Dalyot et al.

(1993) demonstrated that following the addition of Epo to erythroid progenitor cells, the

burst in GATA-I activity occurs immediately prior to globin mRNA expression (Dalyot

et aI., 1993). Similarly, the level of EKLF mRNA encoding the erythroid-enriched CACCC

box binding protein, has been previously reported to remain unchanged in MEL DS-19 cells

chemically induced with HMBA to differentiate (Miller & Bieker, i993). In both

Me2SO-induced and uninduced MBLF4-1282 cells, EKLF also showed little change,

suggesting that the level of EKLF mRNA is not influenced by the onset of terminal

differentiation (Miller & Bieker, 1993).
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Therefore the question still remains: "How is the transcription of the genes encoding

the enzymes of the heme biosynthetic pathway and the globins upregulated during the

MezSO-induced differentiation of MEL cells?" There exists at least two possible

explanations: the involvement of another erythroid-specific factor, or protein

phosphorylation. Examination of the phosphorylation status of GATA-1 during

MøSO-induced MEL cell differentiation revealed that phosphorylation at serine 310 is

increased during erythroid differentiation (Crossley et a1.,1994b). However, changes in the

phosphorylation status of GATA-I during MøSO-induced differentiation does not

significantly alter the ability of the protein to bind DNA as determined in gel shift assays

(Crossley et al., I994b; Busfield et aI., 1995), bend DNA or to transactivate a reporter

consrruct containing a functional GATA-I binding site (Crossley et aI., 1994b). Chen &

Bieker (1996) demonstrated that the transactivation domain of EKLF is composed of

acrivation and inhibitory subdomains. The inhibitory domain of EKLF has been proposed to

function by interfering with efficient DNA binding. Therefore during the Me2SO-induced

differentiation of MEL cells, EKLF may be activated by modifying this negaúve subdomain.

Activation of EKLF my be vit¿I, since EKLF has been proposed to function in co-operation

with other transcription factors, such as GATA-I (lr4erika & Orkin, 1995; Gregory et al.,

1996).ln addition, a number of putative phosphorylation sites within the EKLF protein

have been identified and phosphorylation may play a role in the acúvation of EKLF (Chen &

Bieker, 1996).

Another recently identified member of the Krüppel-like family of transcription

factors, BKLF, increases during erythroid differentiation (Crossley et aI., 1996). Northern

blot analysis of BKLF mRNA in MezSO-induced MELF4-1282 cells revealed a marginal

increase in the level of the BKLF transcript in differentiating cells. However, target genes

that are regulated by BKLF remain to be identified.

Finally, srable MELC 707T cell lines carrying 1.9 kb of ALAS2 promoter driving

the expression of the CAT reporter gene were created to determine whether this region of

the ALAS2 promoter was sufficient for the activation of transcription during

MezSO-induced differentiation. Me2SO-treatment resulted in a substantial increase in CAT

activity indicating that the elements necessary for the expression of the ALAS2 gene

following MezSO-induction are located within this 1.9kb region. However, in contrast to

the increase in the level of the endogenous ALAS2 mRNA transcript during
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MøSO-induced erythroid differentiation, CAT activity peaked at day 1-2' This observation

may indicate that the stability of the CAT reporter transcript is affected during

Me2so-induced differentiation. Alternatively, the transcriptional activation of the reporter

construct may be subject to silencing with the onset of differentiation, significantly earlier

than could be expected based on endogenous mRNA levels in the parental line. Indeed, a

characteristic feature of terminally differentiating erythroid cells is an increase in chromatin

condensation and the silencing of genes not required for erythroid development (Sherton &

Kabat, 1976; Fraser & Curtis, 1937). The role of the erythroid-specific enhancers, HS-40

and LCR of the CX,- and p- globin gene clusters, respectively, has been proposed to delay the

silencing of these erythroid-specific genes and maintain their transcription in an otherwise

,,repressive" environment (Walters etal., 1995; Walters etal., 1996; Sutherland etal.,

lggj). Two lines of evidence support this proposal. Firstly, the formation of the DNaseI

hypersensitivity sites of the LCR occurs prior to detectable transcription of the B-globin

genes (Groudine et al., 1983; Forrester et al., 1986; 1987). Secondly, deletion of the

DNase I HS2 of the LCR from a reporter construct stably integrated into K562 cells,

significantly increases the rate at which expression of the Þ-g"o reporter construct is

silenced (Walters et aI.,lgg6).It is possible that other erythroid-specific genes may utilise a

similar mechanism to maintain transcription of their genes in a "repressive" environment. In

this regard, the finding that 1.9 kb of ALAS2 promoter is sufficient to activate gene

transcription in Me2SO-induced MEL cells but not maintain expression suggests the

possible involvement of other regions of the ALAS2 gene, located either further upstream in

the 5'-flanking region, within the ALASZ gene or in the 3'-flanking region. Therefore

analogous to the role of the erythroid-specific enhancers of the cx- and B-globin gene

clusters, these regions of the ALAS2 gene may be responsible for the delay in the silencing

of the ALAS2 gene during erythroid differentiation.

To define the minimal region of the ALAS2 promoter that is activated during the

Me2SO-induction of MEL cells, a series of ALAS2 deletion constructs stabiy transfected in

the MELC l07T cell line could be generated. However, making stable cell lines is a very

time consuming approach and since the erythroid }y'rBLF4-I282 and K562 cell lines can be

both induced to differentiate invitro, synthesise hemoglobin and are readily transfected,

transient analysis was chosen rather than the generaúon of stable cell lines.
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In contrast to the correlation observed between the upregulation of ALAS2 mRNA

and hemoglobin synthesis in Møso-induced MEL cell lines, endogenous ALAS2 mRNA

was not derected during the hemin-induced differentiation of K562 cells by Northern blot.

Insread endogenous ALAS] mRNA was detected. Although, Minegishi et al- (1994)

reported the detection of ALAS2 mRNA n K562 cells, repeated Northern blot analysis of

ALAS2 mRNA from hemin-induced K562 cells which have been performed in our

laboratory on a number of occasions (Dr. T. Cox, personal communication), are consistent

with the findings presented in this chapter. It is also interesting to note that the p-globin

gene is not transcribed in these cells even following induction with hemin (Charnay &

Maniatis, 1983). As described in Section 1.14, this absence of adult globins is apparently

not attributable any maior insertions, deletions or rearrangements in or adjacent to the B

-globin gene (Dean et aI., 1983; Mueller et aI., 1983; Weber-Benarous et aI., 1988). The

absence of endogenous B-globin expression in K562 cells is also not due to the reduced

expression of EKLF (Donze et aI., 1995). Nevertheless, these cells are readily transfected

and have been employed widely for similar studies, suggesting that these cells contain the

necessary transcription factors required for erythroid-specific gene expression- Therefore

we decided to pursue the use of K562 cells, in addition to the N/ELF4-12B.2 cell line in our

transiont transfection âssays.

The African green monkey kidney fibroblast COS-I celi line previously shown

capable of expressing transiently transfected luciferase reporter gene constructs was

included as a non-erythroid control cell line (C. Hahn, personal communication).

Transfection of this cell line by electroporation has been previously optimised by J. Beale.

In the ensuing chapters, preliminary transient transfection studies are described

which were aimed at identifying regions of the ALAS2 gene responsible for

erythroid-specific expression of the gene. These studies were all performed in the uninduced

erythroid y1ELF4-I2P.2 and K562 cell lines, and the non-erythroid COS-I cell line, using

the luciferase reporter gene constructs following the protocols and optimised conditions

described in this chapter.
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CHAPTER FOUR : TRANSIENT TRANSFECTION STUDIES OF THE ALAS2

s'.FLANKING AND INTRONIC REGIONS ON THE TISSUE'SPECIFIC

EXPRESSION OF THE ALAS2 GENE

4.I INTRODUCTION

As described in Section I.7.3, the structural organisation of the human, murine and

avian ALAS2 genes are remarkably similar (see Fig. 1.5). DNase I hypersensitivity studies

performed on the murine ALAS2 gene, identified five hypersensitive sites which were

present in both uninduced and MøSO-induced MEL cells but not in non-erythroid cells

(Schoenhaut & Curtis, 1989). These hypersensitivity sites were located in the immediate

promoter region, at the 5' end of intron 1 (two sites), within intron 3 (one site) and at the

3' end of intron 8 (one site) (Schoenhaut & Curtis, 1989). Such DNase I hypersensitive sites

are indicative of nucleosome-free regions of DNA and usually correspond to regions that

interact with factors important for transcriptional regulation (Elgin, 1988; Gross & Garrard,

1983). Therefore to identify the sequences in the human ALAS2 gene responsible for

tissue-specific expression, regions of the sequenced human ALAS2 gene (22kb)

corresponding to hypersensitive sites in the murine ALAS2 gene and 5'-flanking (10.3 kb)

and 3'-flanking (3 kb) sequences were examined for putative cis-acting elements (performed

by Dr. T. Cox). Numerous putative binding sites for the erythroid-enriched transcription

factor GATA-1, CACCC and CCAAT box binding proteins were identified throughout the

5'-flanking sequenco.

The binding sites identified within the immediate human ALAS2 promoter region

included two GATA-I binding sites, a GATA motif at the TATA box location, an NF-E2

binding site, an Ets-like motif, CACCC and CCAAT box binding sites, all clustered within

140 bp of sequence located immediately upstream of the transcription initiation site.

Similarly, within intron 1, sixteen consensus GATA-I binding sites and six CACCC boxes

were identified in the 4.9 kb intronic sequence. Analysis of the 850 bp intron 3 identified

five puraúve GATA-1 binding sites and two CACCC box binding sites. Interestingly,

intron I (562 bp) contained four putative consensus GATA-I binding sites and two

CACCC box binding sites located within 270bp of sequence. The 3'-flanking region of the

human ALASz gene contained two putative GATA-1 binding sites, two CACCC box

t
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binding sites and a putative NF-B2-like sequence with a single nucleotide

(5'-GGCTGACTCAT-3') mismatch from the consensus NF-E2 motif

(5'- (T/C)GCTGAG/CTCA(C/T) -3') (Andre w s e t aI', 7993 a)'

In this chapter, a series of S'-flanking ALAS2 deletion/luciferase constructs were

synthesised and examined in transient expression studies in the erythroid MELF4-1,2B2 and

K56Z cell lines and the non-eryrhroid, COS-I cell line. Deletion analysis of the ALAS2

5'-flanking sequence demonstrated that the first 300 bp of ALAS2 promoter resulted in

maximal expression of the luciferase reporter gene. However, these ALAS2 5'-flanking

constructs eff,rciently expressed in both erythroid and non-erythroid cells. Therefore to

identify region(s) of the ALAS2 gene which may confer tissue-specific expression,

construcrs were generated containing the 293 bp of ALAS2 promoter together with either

intron 1, intron 3, intron 8 or the 3'-flanking sequence and the effect of these sequences on

the tissue-specific expression of the promoter examined in transient transfection studies.

4,2 RESULTS

4.2.1 Analysis of the S'-Flanking Region of the Human ALAS2 Gene

In order to investigate the regions of the human ALAS2 gene that contribute to

expression, a series of 5'-flanking ALAS2 deletion constructs were generated in which

different 5'-lengths (-10.3 kb to -27 bp), and with a common 3' end (+28) were fused to the

frrefly luciferase reporter gene as described in Section 2.4.I. These constructs were

transiently transfected into either K562, MEL F4-1282, or COS-I cells as described in

Section 2.6 and luciferase activity determined in cell lysates. As an internal control for

transfection efficiency, the B-galactosidase expression plasmid, pRSV-B-gat, was

co-transfected with each of the constructs. To standardise for the different lengths of the

human ALAS2 promoter/luciferase constructs, 2 pmol of piasmid DNA was routinely used

for all constructs, which is equivalent to approximately 7.5¡tg and2l¡t'g of pALAS-}7-LUC

and pALAS-10.3kb-LUC, respectively. The plasmid pGl2-Basic was also included as a

negative control. The luciferase activity of each plasmid construct was coffected for

expression following the subtraction of lucife¡ase activity obtained with pcl2-Basic. The

luciferase and B-galactosidase activities were determined in all three cell lysates, àt24 hours
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following transfection as described in Section 2.6.4, and the data expressed as "Relative

luciferase activity".

The activity of the longesr consrruct (pALAS-10.3kb-LUC) in each cell line was

assigned a value of 100 (Fig.  .1B). The promoter expressed strongly in both erythroid cell

lines and maximal activity was seen with 293 bp of promoter (pALAS-293-LUC). A low

level of activity was obtained with the -27 bp promoter construct (pALAS-27-LUC)

compared with 293 bp of promoter. Expression of these constructs was also observed in

COS-I cells and followed a similar pattern to that in erythroid cells except that 1.9 kb of

promoter (pALAS-1.9 kb-LUC) gave maximal expression (Fig. 4.1B).

In conclusion, transient transfection analysis of the human ALAS2 5'-flanking

sequence demonstrated that the first 300 bp of promoter resulted in maximal expression of

the luciferase reporter gene in erythroid cells. The identification of regulatory elements

located within this region and the corresponding transcription factors that drive expression

of the human ALAS2 promoter are described in Chapter 5. Since promoter constructs with

5'-flanking sequonce from 293 bp to 10.3 kb expressed in transiently transfected

non-erythroid cells as well as in erythroid cells, an enhancer sequence located elsewhere or

native chromatin structure may be required for the tissue-restricted expression of the gene

rn vlvo.

4.2.2 Analysis of Other Potential Regulatory Regions of the Human ALAS2 Gene

To investigate whether sequences located elsewhere in the ALAS2 gene were

responsible for tissue-specific expression, regions of the human ALAS2 gene corresponding

to DNase I hypersensiúvity sites in the murine ALAS2 gene as well as the human ALAS2

3,-flanking (Fig. a.z|), were examined in transient expression studies. A series of

consrrucrs containing the human ALAS2 intron I (4.973 kb), intron 3 (850 bp) and intron 8

(a60 bp) fragmenrs and the 3'-flanking region (2.935 kb) were generated from the human

genomic clone, pTC-EA1 (Cox et aI., 1.991) and ligated into the vector, pALAS-293-LUC

(Fig. a.1) to generate pALASp-Intl-LUC, pALASp-Int3-LUC, pALASp-Int8(460)-LUC

and pALASp-3'-LUC, respectively (Fig. 4.2). The 293 bp of ALAS2 promoter was chosen

since maximal expression of the luciferase reporter gene was obtained in erythroid cells. The

plasmid pALAS-293-LUC described in Section 4.2.I is referred to as pALASp-LUC in this
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Figure 4.1 TÏansient expression anatysis of the S'-flanking region of the human

ALAS2 gene

A A partial restriction map of the 5'-flanking region of the human ALAS2 gene.

Restriction enzyme sites used to generate deletion fragments are indicated. The transcription

initiation site at +1 of the ALAS2 gene is depicted by the arrow.

B Expression of the 5'-flanking ALAS2 deletion constructs in transiently transfected

K562, MEL and COS-1 cells. Luciferase activities were standardised relative to

B-galactosidase activity (pRSV-pgaI) as an internal control for variation in transfection

efficiencies. The normalised luciferase activiúes are expressed relative to

pALAS-10.3kb-LUC which was set at 1007o. The data are averages obtained from

constructs tested in quadruplicate in at least three experiments and are represented as the

mean t standard deviation.
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section so as to distinguish between constructs containing 5'-flanking sequence or intronic

sequences.

As described in Secti on 2.4.2, the complete ALAS2 intron 1 fragment was ligated

downstream of the ALAS2 promoter in the native orientation and the resulting construct

contained -293 bp to +4.913kb of contiguous ALAS2 sequence. Plasmid constructs

containing intron 8 ligated upstream of the ALAS2 promoter were synthesised, since

repeated attempts to clone the intron 8 fragment downstream of the luciferase reporter gene

were unsuccessful. However, only clones containing the intron 8 fragment in the native

orientation were isolated. Initial expression studies with plasmid constructs containing

intron 8 indicated that a fragment ligated immediately upstream of the ALAS2 promoter

was capable of increasing promoter activity. Therefore plasmid constructs containing either

intron 3 or the ALAS2 3'-flanking region in both orientaúons were also ligated upstream of

the ALAS2 promoter.

These human ALAS2 promoter intronic/luciferase reporter gene plasmids were

co-transfected with the pRSV-pgal plasmid and transiently expressed in K562,

MELF4-1ZB1, or COS-1 cells as previously described. The plasmid construct

pALASp-LUC containing the 293 bp human ALAS2 promoter fused to the luciferase

reporter gene was included as a positive control and assigned a value of 1.0 in each cell line.

As seen in Fig. 4.28, the inclusion of intron 1 (pALASp-Int1-LUC) increased

ranscription of the ALAS2 promoter 3.2 and 2.4 -fold in K562 and MEL cell lines'

respectively, and significantly reduced expression approximately 4-fold in COS-I cells and

in another non-erythroid cell line JTC-12 (data not shown). The addition of human intron 3

in the native orientation, upstream of the 293 bp human ALAS2 promoter

(pALASp-Int3-LUC), reduced expression approximately 1.6-fold in K562 cells and

approximately 2-fold in COS-I cells (Fig. 4.28). A similar result was obtained when a

plasmid construct containing the intron 3 fragment in the reverse orientation was examined

(data not shown). Interestingly, the addition of the 460 bp intron 8 fragment in the native

orienrarion, upstream of the 293bp human ALAS2 promoter (pALASp-Int8(460)-LUC)

significantly increased luciferase expression approximately 12 and 4 -fold in K562 and MEL

cells, respectively, but did not alter expression in COS-I cells (Fig. 4.28). Transient

expression studies performed in K562 cells, demonstrated that the addition of the

3'-flarking sequence (pALASp-3'-LUC) reduced the level of expression approximately
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Figure 4.2 Expression analysis of human ALAS2 intronic sequences corresponding

to DNase I hypersensitivity sites in the murine ALAS2 gene and the 3'-flanking region

A The human ALAS2 gene is composed of 11 exons spanning 22kb. Regions of the

human ALAS2 gene corresponding to DNase I hypersensitivity siæs identified in the murine

ALAS2 gene, and the 3'-flanking region are indicated.

B A series of human ALAS2 int¡onic constructs were synthesised containing 293 bp of

ALAS2 promoter and either intron 1, intron 3, intron 8 or the 3'-flanking sequence. The

293 bp ALAS2 promoter construct is referred to as pALASp-LUC. The size, location and

orientaúon (arrowed) of these intronic sequences and the 3'-flanJcing sequence relaûve to

the ALAS2 promoter are indicated. These constructs and pALASp-LUC were

co-transfected with pRSV-Bgal and transiently expressed in K562, MEL and COS-1 cells.

Luciferase activities were standardised relative to p-galactosidase activity as an internal

control for variation in transfection efficiencies. The normalised luciferase activities are

expressed relative to pALASp-LUC assigned a value of 1.0. The data are averages obtained

from constructs tested in quadruplicate in at least three experiments and are represented as

the mean + standard deviation. ND (not determined) corresponds to those constructs not

tested in a particular cell line.
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l.5-fold irrespective of fragment orientation (Fig. a.zB). However, since the primary aim

was to identify regions of the ALAS2 gene capable of increasing the basal transcription of

the promoter in erythroid cells, no further studies were performed with either intron 3 or the

3'-flanking sequence.

In conclusion, transient expression studies demonstrated that sequences located

within intron 1 and intron 8 were capable of transactivating the ALAS2 promoter in an

erythroid-specific manner. To invesúgate whether sequences located within these introns

functioned cooperatively, additional plasmid constructs containing both intron 1 and

intron 8 were generated in which intron 8 was ligated upstream of the ALAS2 promoter and

intron I in the native orientation (pALASp-Intl-5'Int8-LUC) or downstream of the

luciferase reporter gene in both orientations (pALASp-Int1-3'Int8-LUC) and (pALASp-

Intl-3'Inr8R-LUC) as described in Section 2.4.2. Similarly, to investigate whether these

ALAS2 intronic sequences were also capable of increasing expression of the heterologous

thymidine kinase promoter, plasmid constructs containing intron I or intron 8 sequence

were also synthesised (refer to Section 2.4.2). A 3.984 kb ,SacI intron I fragment containing

the majority of putative transcription factor binding sites (thirteen GATA-I binding sites,

frve CACCC boxes and numerous CCAAT boxes) was ligated upstream of the thymidine

kinase promoter (ptk-Intl-LUC). Plasmid clones containing intron I in the native

orientation were isolated and tested in transient transfection assays. The piasmid constructs,

ptk-Inr8(460)-LUC and ptk-Int8(460)R-LUC containing 460 bp of intron 8 sequence

ligated upstream of the thymidine kinase promoter in the native and reverse orientations,

respectively, (Section 2.4.2) were also examined.

These plasmid constructs were co-transfected with pRSV-Bgal and transiently

expressed in K562, MEL and COS-1 cells as described previously. As seen in Fig. 4.28, the

plasmid construct pALASp-Intl-5'Int8-LUC, transactivated the ALAS2 promoter

approximately 7.8-fold :ri^K562 cells. Similarly, the plasmid constructs, containing intron 8

ligated downstream of the luciferase reporter gene in the native (pALASp-Intl-3'Int8-LUC)

or reverse orientation (pALASp-Intl-3'InI8R-LUC) transactivated the ALAS2 promoter

8.6 and 8.9 -fold, respectively,nK562 cells (Fig. 4.28). The fold induction obtained with

these constructs fatl between the 3.2 and 12 -fold obtained when intron 1 and intron 8 were

tested individually n K562 cells, while the addition of intron 1 consistently reduced
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expression in COS-1 cells approximately 4-fo1d, irrespective of the presence' location or

orientation of intron 8 (see Frg. 4.28).

As seen in Fig. 4.3, the addition of intron 1 also increased the transcription from the

thymidine kinase promoter (ptk-Intl-LUC) approximately 6-fold in K562 cells and only

marginally (I.27-fold) in COS-1 cells. In the natural orientation (ptk-Int8(460)-LUC),

intron 8 transactivated the thymidine kinase promoter approximately 25 and 12 -fold in

K562 and MEL cells, respectively, but only 1.8-fold in COS-1 cells (Fig. 4.3). In contrast,

intron 8 in the reverse orientation (ptk-Int8(460)R-LUC) displayed enhancer activity but

this was considerably reduced to 4 and 2 -fold in K562 and MEL cells, respectively,

(Fig. a.3) indicating a possible orientation dependence.

These results demonstrated that sequences located within ALAS2 intron 1 and

intron 8 can increase expression of either the native ALAS2 promoter or a heterologous

promorcr in an erythroid cell-specific fashion. However, these two intronic sequences did

not function cooperatively and the relevance of these transient expression studies to the

invivo situation is unknown. Due to the small size of intron 8 compared with intron 1, and

the large increase in reporter gene expression obtained with the addition of intron 8 alone,

the sequences located within intron 8 that were responsible for high level erythroid-specihc

expression were investigated further. Studies described in Chapter 6, involve the localisation

of the erythroid-specific enhancer activity to a 235 bp fragment within intron 8 and the

subsequent identification of the elements that constitute this enhancer.

4.2.3 Transactivation of Human AlAS2/Luciferase Reporter Gene Corstructs by

GATA,1

As described in Section 4.1, numerous putative GATA-1 binding sites were

identified in the ALAS2 promoter, intron 1 and intron 8. Therefore to investigate the

purative role of GATA-I in the erythroid-specific regulation of the human ALAS2 gene, the

ability of exogenously expressed murine GATA-I to transactivate the ALAS2 promoter,

intron 1 and intron 8 was investigated in co-transfection assays.

Co-transfection experiments were performed initially ui,K562 cells, with 2 pmol of

the control plasmids, pRSV-LUC or ptk-LUC, and pALASp-LUC containing the ALAS2

promoter and 5pg of the GATA-I oDNA expression clone, pXNl/GF-1. GATA-I
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Figure 4.3 Tfansactivation of the thymidine kinase promoter by ALAS2 intron 1

and intron I

Plasmid constructs contåining human ALAS2 intron I or intron 8 ligated upstream of the

thymidine kinase (tk) promoter were co-transfected with the plasmid, pRSV-Bgal in K562,

MEL and COS-I cells. The size and orientation (aruowed) of these intronic sequences are

indicated. Luciferase activities were standardised relative to p-galactosidase activity as an

inærnal control for transfection efficiency. The normalised luciferase activities are expressed

relative to ptk-LUC, assigned a value of 1.0. The data are averages obtained from constructs

tested in quadruplicate in at least three experiments and are represented as the

mean r standard deviation. ND (not determined) corresponds to those constructs not tested

in a particular cell line.
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transactivated both the Rous sarcoma viral and thymidine kinase protnoters 6 and 20 -fold,

respectively, but the ALAS2 promoter only 2.5-fold (data not shown). The minor

transactivation of the ALAS2 promoter by GATA-1 observed n K562 cells is possibly

attributable to interference by endogenous GATA-I, although the Rous sarcoma viral and

thymidine kinase promoters were transactivated by GATA-I and the reason for this is not

known. Therefore to eliminate the possible interference by endogenous GATA-I in K562

ceils, co-transfection experiments with exogenously expressed GATA-1 were subsequently

performed in COS-I cells and consisted of 2 pmol of the reporter plasmid and 5pg of the

GATA-1 cDNA expression clone, pXI\{/GF-1 as described in Section 2.6.3. The plasmid

pRSV-Bgal was not included as an internal control for transfection efficiency in these

co-transfection experiments, since initial experiments demonstrated that exogenously

expressed GATA-I also transactivated the Rous sarcoma viral promoter. The plasmid

pGl2-Basic was therefore included as a control. Cells were harvested 24 hours following

transfection and 100pg of total protein assayed for luciferase activity as described in

Section 2.6.4. The fotd transactivation obtained with exogenously expressed GATA-1 was

calculated following subtraction of the activity obtained with pGl2-Basic (approximately

1.2-fo1d).

As shown in Fig.4.4, GATA-I transactivated the plasmids, pALASp-LUC and

pALASp-Intl-LUC, 4 and 9.5 -fold, respectively, in COS-1 cells. Interestingly, the plasmid

pALASp-InrS(460)-LUC containing intron 8 was also only transactivated 3.6-fold by

GATA-I (Fig. a.a). Test plasmids containing intron 1 and intron 8 cloned either upstream

(pALASp-Int1-5'Int8-LUC) or downstream (pALASp-Int1-3'Int8-LUC and pALASp-

Intl-3'Int8R-LUC) were transactivated 8.5, 9.4, and 10 -fold, respectively, by GATA-I

irrespective of the orientation of the intron 8 fragment (Fig.  .a). Therefore the increase in

expression observed with exogenously expressed GATA-I in COS-1 cells is due to

sequences located in the promoter and intron 1 but not within inÍon 8.

In conclusion, exogenously expressed murine GATA-1 is capable of transactivating

both the ALAS2 promoter and sequences located within intron 1. Studies aimed at

identifying the binding sites through which GATA-I transactivated the ALAS2 promoter

are described in the following chapter. However, despite the identificaúon of four putative

GATA-I binding siæs within intron 8, this region cannot be transactivated by GATA-I in

non-erythroid COS-1 cells. Consequently, the erythroid-specific enhancer function of intron
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Figure 4.4 TTansactivation of human ALAS2 promoter/intronic constructs by

GATA-1

Ptasmid constructs containing either the human ALAS2 promoter, intron I and intron 8

were co-transfected with 5¡rg of the murine GATA-1 oDNA expression clone, pXlvl/GF-1 in

COS-I cells and luciferase activities determined. The location and orientaúon (arrowed) of

intron 8 are indicated. The data are averages obtained from constructs tested in triplicate in

at least three experiments and are represented as the mean + standard deviation. pGl2-Basic

was included as a control for transactivation by GATA-1 and assigned a value of 1.0.
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8 may be independent of GATA-I or require the interaction of GATA-I with addiúonal

erythroid-specific transcripúon factors. An investigation into the critical elements

responsible for intron 8 enhancer activity are described in Chapter 6.

4.3 DISCUSSION

In this chapter, two aspects of ALASZ gene regulation were examined, promoter

expression and the identification of enhancer regions within the ALAS2 gene responsible for

tissue-specific expression. The results obtained from the transient expression studies with

human ALAS/ intronic soquences are discussed in relation to the LCR of the B-globin gene

cluster which serves as a model in understanding promoter-enhancer interactions.

Deletion analysis of the human ALAS2 gene 5'-flanking region demonstrated that

the first 300 bp of promoter sequence contains the information required to direct strong

transient expression in erythroid cells. A detailed analysis of the elements in this region are

described in Chapter 5. However, ALAS2 promoter deletion constructs from -10.3 kb to

-293bp expressed efficiently in COS-I cells suggesting that the erythroid-restricted

expression of the ALAS2 gene must rely on additional regulatory elements located

elsewhere or native chromatin structure. Similar observations have been made for the

promorers of orher erythroid cell-specific genes including the rabbit ø-globin

(James-Pederson et aI., 1995), murine cytosolic glutathione peroxidase (O'Prey et al.,

1993), human Wilm's tumour gene @T1) (Fraizer et a1.,1994) and the proximal promoter

of the human glycophorin B gene (Rahuel et al., 1992) when examined in non-erythroid

cells. The question therefore arises as to how the ALAS2 gene is silenced in non-erythroid

cells, i¡¿ vívo. Deletion analysis of the ALAS2 5'-flanking region did not indicate that the

ALAS2 promoter was negatively controlled, such as that reported for the human

glycophorin B promoter where a repressor localised at position -75 is displaced by GATA-1

in erythroid cells (RahueI et aI.,1992).

The human ALAS2 promoter lacks a canonical TATA box but located at -301-23 ts

rhe sequence (5'-GGATAAAT-3') which resembles a binding site for GATA-I and a

detailed analysis of this site is described in Chapter 5. Interestingly, other erythroid-specific

genes including chicken B-globin (Fong & Emerson,1992), human glycophorin B (Rahuel

et aI., 1992) and rat pyruvate kinase (Max-Audit et al., 1993) all lack a consensus TATA
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box but instead contain a GATA motif, suggesúng that GATA-I may play a role in

erythroid-specific expression possibly by preventing the assembly of nucleosornes at this

site, ttrereby allowing access of transcription factors required for transcription initiation

(Barton et aL,1993). Therefore expression of the ALAS2 promoter in non-erythroid cells

may reflect an inadequate assembly of repressive nucleosomes on transiently transfected

constructs. However, other regulatory regions of the ALAS2 gene may be involved in

conferring tissue-specific expression of the gene in vivo. Erythroid cell-specific enhancers

have been identified in the flanking regions of several erythroid-specific genes including the

chicken B-globin (Fong & Emerson, 1992), human WTl (Fraizer et al., 7994) and the

murine cytosolic glutathione peroxidase genes (O'Prey et al-,1993).

The correlation between DNase I hypersensitive sites and important transcriptional

reguiatory elements has been well documented. The classical example is the LCR of the B

-globrn gene cluster consisting of five DNase I hypersensitive sites, four of which are

erythroid-specific. However, the precise role of the LCR in B-globin gene expression is

surrounded by controversy. Currently, there are two models; the "binary" and "DNA

looping". The "binary" model (Walters et al., 1995) proposes that the primary function of

the LCR is to estâblish and/or maintain domains permissive for transcription rather than

functioning to increase the rate of transcription (IMalters et al., 1995; Martin et aI., 1996;

Milot et aI., 1996; Sutherland et al., 1997).In contrast, the "DNA looping" model proposes

that the LCR directly interacts with elements located within individual globin gene

promoters of the B-globin gene cluster and increases the rate of gene transcription (as

reviewed by Orkin, 1995a). Evidence supporting both models will be discussed.

Several lines of evidence obtained from transfected erythroid cell lines and studies

performed in transgenic mice support the "binary" model ('Walters et aI., 1995; 1996;

Martin et aI., 1996; Sutherland et al., 1991). Studies performed by Walters et al. (7995)

demonstrated that the presence of a linked enhancer element (HS2 of the LCR or the SV40

enhancer) in both transient and stably transfected cells increases the number of cells actively

expressing a reporter gene but not the level of expression in transcriptionally active cells. In

addition to this, deletion of the HS2 site from a reporter construct stably integrated into

K562 cells, significantly increases the rate at which expression of the Þ-g"o reportor gene is

silenced (\ilalters et al., 1996). The erythroid-specific hypersensitivity site, HS-40 of the a

-globin gene cluster (Higgs et aI., 1990) is also capable of functioning as an enhancer
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element in both stable erythroid cell lines (Sharpe et aI., 1993a) and transiently transfected

cells (pondel etaI., 1992; Ren etaI., 1993) during erythroid differentiation. Sutherland

et aI. (7997) demonstrated that the addition of the HS-40 enhancer of the cr-globin locus

increased transcription of the IacZ reporter geno in transgenic mice by increasing the

number of transcriptionally active cells rather than increasing the expression of the reporter

gene in transcriptionally active cells.

The second model, "DNA looping", proposes that the role of the LCR is to directly

interact with elements located within individual promoters of the p-globin gene cluster. The

individual sites of the LCR of the p-globin locus have been assayed in a number of

expression systems including transient expression assays, stably transformed MEL cell lines,

transgenic mice and homologous recombination with varying results suggesting that these

may have different functional capabilities (as reviewed in Orkin, 1995a; Martin et a|.,1996).

However, it is difficult to irnagine how these individuat HS sites can interact with the

promoters of the B-globin gene cluster and an alternative model suggests that these sites

may function cooperatively or form a holocomplex which then interacts with promoters of

the B-globin gene cluster (Fraser et al., 1993). Using in situ hybridisation, it was possible to

detect within a single cell, transcription of the 1-globin gene and the accumulation of B

-globin 6RNA in the cytoplasm indicating the previous transcriptional activity of the p

-globin gene (lMijgerde et aI., 1995). These hndings supported the'îip-flop" model where

the individual globin genos compete for LCR function; the LCR activates globin genes one

at a time, and these interactions are dynamic that is, constantly changing from one gene to

another. Milot et at. (1996) demonstrated that deletion of a single HS site from the LCR in

transgenic mice significantly reduced expression of a human globin transgene and resulted in

the loss of position independence and copy number dependence. Therefore these results

suggest that the individual HS sites of the LCR function cooperatively and the stability of

the LCR-gene interaction may influence the level of globin gene expression by determining

the frequency and duration of transcription periods (Milot et a1.,1996).

The LCR-globin gene interaction is thought to occur via DNA looping and evidence

exists which irnplicates a possible role of NF-E2 in mediating such an interaction. Tandem

binding sites for NF-E2 located within HS2 are essential for enhancer activity of the HS2 in

the LCR (Ney et aI., 1990; Talbot et al., 1991) and for the enhancer-dependent

a
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transcriprion of the epsilon promoter which is mediated via a GATA-I binding site in the

promoter (Gong & Dean, 1993). A functional NF-E2 binding site has also been identified

within HS-40 (Zhang et aI., 1995), implicating a possible role for NF-E2 in

enhancer-promoter interactions and supporting the "DNA looping" model'

Recent studies have implicated a direct role for NF-E2 in the formation of the

DNase I hypersensitivity sites. The identification of binding sites for NF-E2 in each of the

four hypersensitivity sites of the human LCR and sequence conservation in both the rnouse

and goat LCRs (Stamatoyannopoulos et al., 1995) alluded to a possible functional role.

Armstrong and Emerson (1996) using an invitro Drosophila chromatin assembly system

demonstrated that purified NF-E2 protein was capable of forming a DNase I hypersensitive

site at ¡g1S2 invitro as observed invivo. NF-E2 is also capable of disrupting local

nucleosome organisation in a process that is ATP dependent and although other chromatin

remodelling factors have been identified (Kwon et al., 1994; Cote et aI., 1994; Tsukiyama

& Wu, 1995) it is currently unknown whether NF-82 can also functionally interact with

these proteins. Interestingly, the disruption of nucleosomes by NF-E2 also facilitated the

binding of GATA-I to inverted GATA motifs located approximately 60 bp downstream of

the NF-E2 binding site (Armstrong & Emerson, 1992). The association of NF-E2 and

GATA motifs have been noted in all four hypersensitivity sites of the human LCR and both

sites are required for the formation of HS4 in the human globin LCR (Stamatoyannopoulos

et a1.,1995). Similarly positioned sites have also been identified in the murine HS2, 3 and 4,

goat HS2 and 3 and chicken p-globin enhancer (Stamatoyannopoulos et al., 1995),

suggesting that a conserved mechanism may be utilised to create these hypersensitive sites

among species. However, whether the role of NF-E2 is simply to disrupt nucleosomes at the

LCR and permit expression of downstream globin genes or has a dual function in both

disrupting nucleosomes and allowing enhancer-promoter interactions, permitting the access

of other transcription factors and stimulating globin gene expression remains to be

elucidated. Evidence supporting both models does exist and information obtained from

understanding the role of the LCR in globin gene regulation may serve as a general model

applicable to other erythroid cell-specific genes.

DNase I hypersensiúve sites have also been identified in the promoters or enhancer

regions of numerous erythroid cell expressed genes including the promoter of the erythroid

carbonic anhydrase I gene (Sowden et al., 1992), the erythroid-specific enhancer in the
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L-type pyruvate kinase gene (Lacronique et al., 1995), the 3' enhancers of the human

(Groudine et aI., 1933) and chicken (Choi & Engel, 1986; Hesse et aI., 1986) B-globin

genos and the 3'enhancer of the murine cytosolic glutathione peroxidase gene (O'Prey

et aI., 1993). These DNase I hypersensitive sites correspond to regions of the gene

responsible for tissue-specific expression. Interestingly, putative binding sites for NF-E2

have been identified in the promoter of the erythroid carbonic anhydrase I gene (Sowden

etal.,7gg2), the 3'enhancers of the human and chicken B-globin genes (Groudine etal.,

1983; Choi & Engel, 1986; Hesse et aI., 1986), and the murine cytosolic glutathione

peroxidase gene (O'Prey et aI., 1993) suggesting the possible involvement of NF-E2 in the

formation of these hypersensitivity sites. Therefore based on the correlation between the

occurrence of DNase I hypersensitivity sites and their role in transcriptional regulation, the

identification of several DNase I hypersensitivity sites in the murine ALAS2 gene and the

structural similariúes between the human and murine ALAS2 genes, the conesponding

regions of the human ALAS2 gene were examined for tissue-specific expression.

Studies described in this chapter demonstrated that ALAS2 intron 1 moderately

transactivated the ALAS2 and thymidine kinase promoters in erythroid cells while it

reduced expression of the ALAS2 promoter in non-erythroid COS-I cells. The reason is

unknown but rnay suggest the presence of regulatory sequences located within intron 1

capable of conferring tissue-specific expression. Sequence analysis identified sixteen

purative binding sites for GATA-I that were dispersed throughout the 4.913 kb fragment

with thirteen of these GATA sites found within the 3.9 kb intron I fragment which was

capable of transactivating the thymidine kinase promoter in erythroid cells. In addition, five

putative consensus CACCC boxes and numerous putative CCAAT boxes were also

identified within the 3.9 kb intron 1 fragment. However, the functional roles of these

putative transcription factor binding sites within intron 1 were not investigated further.

The identification of positive regulatory elements located within intron 1 that are

involved in transcriptional regulation have also been identified in the rabbit (James-Pederson

et al., 1995) and human (Brickner et al., 1991) cr-globin genes, the human IF'N-1 (Hardy

et al., 1985) and HLA-DRu, genes (Peterlin et aI., 1987), the quail muscle-specihc

troponin I gene (Koniecmy et al., 1987) and the human collagen o1(I) gene (Bornstein

et a1.,1988). The addiúon of ALAS2 intron 1 reduced expression of the ALAS2 promoter

in non-erythroid cells, suggesting the presence of negative regulatory elements located
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within this intron. Tissue-specific silencers have also been identified within intron 1 of the

human CD4 gene (Donda et a1.,1996) and the rat renin gene (Voigtlander et a1.,1995).

Preliminary transient expression studies demonstrated that intron 3 reduced the level

of expression in both erythroid and non-erythroid cells suggesting the binding of negative

regulatory elements to this region. In contrast, intron 3 did not appear to affect expression

of a reporter construct driven by the thymidine kinase promoter (data not shown) indicating

a possible interaction between sequences located within intron 3 and the ALAS2 promoter

but this was not investigated further. Examination of the intron 3 sequence revealed a

clustering of five putative binding sites for GATA-I, but only one of these sites conformed

ro the consensus GATA-I motif (Merika & Orkin, 1993; Ko & Engel, 1993) as well as two

putative CACCC boxes.

The most significant and interesting finding obtained from transient expression

studies described in this chapter, was the identification of an erythroid-specific enhancer

eleinent capable of transactivating both the human ALAS2 and the heterologous thymidine

kinase promoters. This enhancer element is located within intron 8 of the gene and as such

would be located approximately 16 kb downstream of the ALAS2 promoter. 'Within the

reporter constructs, intron 8 was positioned immediately adjacent to the ALAS2 or

thymidine kinase promoters and whether intron 8 functions irrespective of the distance

between the promoter and intron 8 needs to be investigated further. However, it would be

extremely difficult to recapitulate the in vivo situation in vitro and determine the importance

of distance between the ALAS2 promoter and intron 8. Interestingly, the erythroid-specific

enhancer element transactivated the thymidine kinase promoter more efficiently in the native

genomic orientaúon in contrast to a plasmid construct containing intron 8 in the reverse

orientation. The possible orientation dependence of this enhancer suggests that transcription

factors binding to this enhancer may only functionally interact with factors bound to the

promoter in one orientation. However, we were unable to confirm this result with the

ALAS2 promoter constructs due to the inability to isolate constructs containing intron 8

fragment in the reverse orientation.

As described in Chapter 6, there is extensive sequence conservation between the

human, canine and the 3' end of the murine intron 8 sequence (Cox, 1993). This sequence

conservation again suggests a possible functional role for the intron 8 sequence in

contributing to ALAS2 gene expression. The elements located within intron 8 which are
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responsible for erythroid-specific enhancer activity were characterised and these functional

elements were found to be conserved between all three species examined.

Numerous tissue-specific enhancers have been identified in the 3'-flanking sequence

of genes including the chicken p-globin gene (Fong & Emerson, 1992) and the murine

cyrosolic glutathione peroxidase gene (O'Prey et al., 1993). Therefore the ALAS2

3'-flanking sequence which contained two putative consensus GATA-1 binding sites, two

consensus CACCC boxes and an NF-E2-like sequence was also examined in transient

expression studies. However, the addition of the ALAS2 3'-flanking region to the ALAS2

promoter did not increase luciferase expression in erythroid cells but rather resulted in a

decrease in luciferase expression. This finding suggested that the 3'-flanking region did not

contain any positive regulatory elements and was not investigated further.

Co-transfection assays performed with exogenously expressed GATA-I and

reporter constructs in non-erythroid cells, is one approach successfully used to investigate

the role of GATA-1 in transactivating erythroid-specific promoters (Martin & Orkin, 1990;

Evans & Felsenfeld, 1991; Zon et aI., l99l; Rahuel et a|.,1992; Crossley et al., 1994a) and

enhancers iWu e/ a1.,1995). This method has also been used in the identification of critical

DNA binding sites for GATA-I within a regulatory region (Rahuel et aI., 1992).

Exogenously expressed murine GATA-1 was found to be capable of transactivating both

the ALAS2 promoter and sequences located within intron 1 and this correlated with

numerous potential GATA-1 binding sites in both of these regions. However, similar

transactivation assays wore not performed with the thymidine kinase-AlAS2 intronic

constructs since GATA-I significantly increased the expression of the thymidine kinase

promoter. Sequence analysis of the thymidine kinase promoter revealed numerous putative

GATA sites through which exogenously expressed GATA-1 may transactivate this

promoter. As described in Chapter 5, three putative GATA-1 binding sites were identified in

the ALAS2 promoter and co-transfection assays were performed with exogenously

expressed GATA-I in COS-1 cells, to identify the speci-fic sites through which GATA-I

transactivated the ALAS2 promoter. Sequence analysis identified approximately sixteen

sites located within intron 1 which conform to the consensus binding site for GATA-1

(Merika & Orkin, 1993; Ko & Engel, 1993) with thirteen of these located within the

3.984 kb fragment of intron I which transactivated the thymidine kinase promoter. In the

future, GATA-I transactivation studies will need to be performed to determine which of
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these sites are functional. In contrast, sequences within intron 8 were not transacúvated by

GATA-I in non-eryrhroid cells, despite the identifîcation of putative GATA-I binding sites

and possible explanations are discussed in Chapter 6. Similarly, an erythroid-specihc

enhancer element located within the S'-flanking region of the EpoR gene and corresponding

to a DNase I hypersensitivity site has been identified but not yet sequenced (Youssoufian,

lgg4). This elementis inactive in non-erythroid COS-I cells and is not transactivated by

GATA-1 (Youssoufi an, 7994).

In conclusion, examination of regions of the human ALAS2 gene which

corresponded to DNase I hypersensitive siæs in the murine ALAS2 gene was an extremely

useful and successful approach in the identification of transcriptional regulatory sequences

responsible for the tissue-specific expression of the human ALAS2 gene. Studies described

in the following two chapters, involve the characterisation of cis-acting elements and the

tran^s-àcting factors that bind to these sites, that are required for the maximal expression of

the ALAS2 promoter and the erythroid-specifîc enhancer element located within intron 8.
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CHAPTER FTVE : IDENTTFICATION OF REGULATORY ELEMENTS AND

CORRESPONDING TRANSCRIPTION FACTORS THAT DRIVE EXPRESSION

OF THE ALAS2 PROMOTER

5.1 INTRODUCTION

As mentioned in Section 4.2.1, the first 300 bp of human ALAS2 promoter resulted

in maximal expression of the luciferase reporter gene in transient expression studies.

Sequence analysis of this region revealed potential binding sites for the erythroid-enriched

transcription factors, GATA-I (Evans & Felsenfeld, 1989; Tsai ¿r aI., 1.989) and NF-E2

(Mignotte et a\.,1989b, Andrews et a\.,1993a), CACCC (Kadonaga et aI., 1987; Kingsley

& Winoto, 1992; Hartzog & Myers, 7993; Miller & Bieker, 1993; Crosstey et aI., 1996)

and CCAAT (Chodosh et aI., 1988) box binding proteins and the Ets family of proteins

(reviewed by Wasylyk et a1.,1993). Interestingly, all of these sites are clustered within the

first 140 bp from the transcription initiation site (Cox, 1993) (see Fig. 5.1).

Three putâtive GATA-I binding sites were identified àt -126l-127 (on the

non-coding strand), -1021-91 and -301-23 (see Fig. 5.1). The -124 GATA site

(5'-AGATAA-3') conforms to the consensus for GATA-I (Merika & Orkin, 1993; Ko &

Engel, 1993), while the -100 siro (5'-AGATAÇ-3') deviates by a single nucleotide. The

sequence (5'-GGATAAAT-3') centred at -27 in the ALAS2 promoter represents a

non-canonical TATA box that exhibits some similarity with a GATA motif. Simila¡

sequences in this location have been identified in the promoters of other erythroid

cell-specifi.c genes such as the chicken B-globin (Fong & Emerson, 1992), rat pyruvate

kinase (Max-Audit et al., 1993) and human glycophorin B (Rahuel et al., 1992). There is

evidence rhat GATA-I binding sites are linked functionally to nearby CACCC boxes in

erythroid promoters (Merika & Orkin, 1995; Gregory et aI., 1996) and the sequence

(5'-GGGTGGGTGGGG-3') located at -591-48 in the ALAS2 promoter contains two

purative overlapping CACCC boxes on the non-coding strand (see Fig.5.1). Several

transcription factors that bind in vitro to CACCC boxes have been identified and include

Spl (Kadonaga et a1.,7987), Spl-related proteins (Kingsley & Winoto, 1992), CAC C and

CAC D (Harztog & Myers, 1993), BKLF (Crossley et aI., 1996), corresponding to the

previously identified protein TEF-ZIGT-IC (Xiao et aI., 1987) and the erythroid-enriched
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protein, EKLF (Miller & Bieker, 1993). Two addiúonal transcription factors demonstrated

to play a critical role in erythroid-specific gene transcrþtion during differentiation are those

of the AP-1 leucine zipper family, NF-E2 (Mignotte et al., 1989b) and the thyroid hormone

receptor (Zenke et a1.,1990). Partially overlapping the CACCC sequence, is an NF-B2-like

sequence rt -49/-39 with a 9/11 match to the consensus NF-E2 binding motif (Andrews

et aI., 7993a). lhe sequence from -21 to -6 exhibits similarity to a thyroid hormone

responsive element with a 11116 match to the to the ideal thyroid hormone responsive

elemenr (TRE) (Glass et a1.,1988). A putative binding site for the ubiquitous CCAAT box

transcription factor, CPI (Chodosh et al., 1988) was identified àt -901-84

(5'-GGCCAAT-3') in the ALAS2 promoter and is identical to the functional CCAAT box

located in the human B-globin promotsr (deBoer et al., 1988). The sequence located at

-113 5'-GCAAGGAAGGGAC-3'(see Fig.5.1) was initially identified on the basis of

strong sequence homology to a functional enhancer element located in the adenovirus type

5 (Herbomel et al., 1984) and polyoma virus (Hearing & Schenk, 1986) which was later

found to bind members of the Ets family of transcription factors (Higashino et al., 1993).

Numerous putative transcription factor binding sites for GATA-1 and CACCC box

proteins are clustered within the first 140 bp of ALAS2 promoter, but no putative

transcription factor binding sites have been identified in the sequence between -140 bp to

-293bp (Fig.5.1). Analysis of 5'-flanking sequence hom -293 bp to -10.3kb revealed

numerous putative binding sites for GATA-I, CACCC box binding proteins and Ets family

of transcription factors. These sites were not further characterised since the studies

described in this chapter were directed at investigating the elements responsible for the

strong ffansient expression of the first 300 bp of the human ALAS2 promoter. Gel shift

assays have been employed to investigate the specificity of protein-DNA interactions in the

ALAS2 promoter and the functional contribution of such binding sites evaluated by

site-directed mutagenesis and transient expression analysis of ALAS2 promoter/reporter

gene constructs.
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Figure 5.1 Putative cls-acting elements in the promoter of the human ALAS2 gene

The promoter sequenoe of the first 300 bp is represented in plain text whereas the sequence

of exon 1 is in bold text. The transcrþtion initiation site at +1 is indicated by the arrow.

Sequences in the promoter with homology to the consensus GATA, Ets, NF-E2, CCAAT,

CACCC and TATA box binding sites and the putative TRE and Inr are boxed and are

clustered within 140 bp of promoter. The CACCC sequence contains two overlapping

CACCC boxes. The GATA and CACCC boxes on the non-coding strand are underlinedby

arrows
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5.2 RESULTS

S.Z.I Analysis of Putative GATA-I Binding Sites in the Human ALAS2 Promoter

i) GATA-I Protein Binds dt -124 and -100 GATA Sítes in the Promoter

To invesrigate the putative GATA-1 binding sites identified in the human ALAS2

promoter, a series of complementary oligonucleotides were synthesised (see Section2.1.7),

radiolabelled, annealed and the binding of nuclear proteins to these probes was detennined

using gel shift assays (as described in Section 2.9). GATA-124 and GATA-100 probes

corresponded to the putative GATA-I binding sites centred at -124 and -100, respectively.

A B-globin GATA-1 consensus (GATA-cons) probe was included as a control probe (Wall

et a\.,1988).

To detect GATA-1 binding, the procedure of Pàrtington et al. (in press) was

employed to prepâre nuclear extracts from K562, MEL and COS-I cells, and COS-I cells

transfected with 10pg of the murine GATA-1 cDNA expression clone, pXN{/GF-1 as

described in Section 2.9.1. Complex formation was optimised by testing various binding

buffers and concentraúons of the synthetic competitor DNA, poly(dl-dC) (data not shown).

Consequently, the binding reaction used in the detection of GATA binding proteins

contained 5pg of nuclear protein, 2¡t"g of poly(dl-dC) in 15pl of 25mM Hepes, p}J7 -9

containing 60mM KCI,1.57o glycerol, 0.1mM EDTA, 5mM MgClz, 0.75mM dithiothreitol

and 2mM spermidine and incubated on ice for 10 minutes. Radiolabelled probe (1ng) was

added to the reaction and incubated on ice for a further 30 minutes. The retarded nuclear

protein complexes were then resolved on a 6Vo non-denaturing polyacrylamide gel as

described in Section 2.9.3.

As seen in Fig. 5.2, a major protein complex was obtained with the GATA-124

probe (lanes 2 and 3) and GATA-cons probe (lanes 12 and 13) using nuclear extracts from

K562 and MEL cells. A complex with the same mobility was detected with the GATA-100

probe although the intensity was reduced (lanes 7 and 8). Similar results were also observed

with all three probes using nuclear extracts from COS-I cells expressing recombinant

GATA-1 (lanes 5, 10 and 15) but were not detected with nuclear extracts from

mock-transfected COS-1 cells (lanes 4 arrd 9), although a minor band was observed with the

GATA-cons probe (lane 14).
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Figure 5.2 Gel shift analysis of the -124 GLTA and -L00 GATA sites

Radiolabelled double-stranded oligonucleotides containingthe -724 GATA site (GATA-124

probe), the -100 GATA site (GATA-100 probe) and a consensus GATA-I binding site

(GATA-cons probe) were ingubated with nuclear extracts from K562 (lanes 2,7 and l2),

MEL (lanes 3, 8 and 13) and COS-I cells (lanes 4,9 and 14) and COS-I cells expressing

recombinant GATA-I (lanes 5, 10 and 15). Nuclear extract was omitted from lanes 1,6

and 11. The retarded complex corresponding to GATA binding is indicated by the arrow.
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To confirm whether the protein complex that bound to the -L24 arrd -100 sites in

erythroid extracts was indeed GATA-I, gel supershift assays were undertaken with the

GATA-1 monoclonal antibody, N-6 (Ito et al., 1993) and nuclear extracts from either

K56Z,MEL or COS-1 cells, or COS-I cells expressing recombinant GATA-I- As seen in

Fig. 5.3, the antibody substantially supershifted the major band obtained with the

GATA-124 probe (compare lanes 2, 4 and 8 with lanes 1, 3 and 7), GATA-100 probe

(compare 1ane12 with lane 11) and the GATA-cons probe (compare lane 10 with lane9).

However, the GATA-l antibody appeared to supershift the major retarded protein complex

obtained in the MEL cell derived and COS-1 cells expressing recombinant murine GATA-I

nuclear extracts more efficiently compared with K562 nuclear extracts. This frnding is

probably due to the fact that the monoclonal antibody was generated against murine

GATA-I rather than human GATA-I.

Competition experiments were performed with the GATA-cons probe, nuclear

extracts from COS-I cells expressing recombinant GATA-I and an increasing amount of

unlabelled competitor oligonucleotide ranging from 10ng (lO-fold excess) to 100ng

(100-fold excess). As seen in Fig. 5.4, the binding of GATA-I (lane 2) was effectively and

specifically inhibited by a lO-fold molar excess of either GATA-cons in self competition

(lane 3) or GATA-124 (Lane 6) but a 5O-fold molar excess of GATA-100 was required for a

similar level of inhibition (lane 10). These experiments indicated that the atrinity of the

-IZ4GATA site for protein binding is comparable with the B-globin GATA-1 consensus

sequence and greater than that of the -100 GATA site. The bands of higher and lower

mobiJity relative to the major retarded complex that were competed in these experiments

most likely represent a dimer of GATA-1 (Crossley et al., 1995:; Calligaris et aI., 1995) and

degraded GATA- 1 protein, respectively.

ä) GATA-I protein and TBP Bùd to the -27 Síte

The sequence (5'-GGATAAAT-3') centred at -21 in the human ALAS2 promoter

(see Fig. 5.1) represenrs a non-canonical TATA box that exhibits some similarity with a

GATA motif. Gel shift experiments were used to determine whether the sequence in the

ALAS2 promoter binds GATA-1 and TATA-binding protein (TBP). Complementary

synthetic oligonucleoúdes were synthesised containing the sequence 5'-GGATAJqAT-3'
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Figure 5.3 GATA-I supershift assays

For supershift assays, the GATA-1 monoclonal antibody, N-6 was added to nuclear oxtracts

from K562 (Iarc 2), MBL (lane 4) and COS-1 (lane 6) cells and COS-1 expressing

recombinant GATA-I (lane 8) prior to the addition of the radiolabelled GATA-124 probe.

The GATA-cons probe was incubated with nuclear extracts from MEL cells (lanes 9 and l0)

while the GATA-100 probe was incubated with nuclear extracts from COS-1 cells

expressing recombinant GATA-I (lanes l1 and 12). The GATA-I monoclonal antibody was

added to nuclear extracts from MEL (lane 10) and COS-I cells expressing recombinant

GATA-I (lane 12) prior to the addition of the radiolabelled GATA-cons and GATA-100

probes, respectively. The retarded complex in the absence of antibody and the supershifted

complex are indicated.
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Figure 5.4 Oligonucleotide competition for GATA-I binding in a gel shift assay

The radiolabelled GATA-cons probe was incubated with nuclear extracts from COS-I cells

expressing recombinant GATA-I (lanes 2-12). Nuclear extract was omitted from lane 1. The

retarded complex (arrowed) was competed with a 10, 50 and 100 -fold molar excess of the

GATA-cons oligonucleotide in self-competition (lanes 3, 4 and 5), the GATA-124

oligonucleotide (lanes 6,7 and 8), the GATA-100 oligonucleotide (lanes 9, 10 and 11) and a

100-fold molar excess of a non-specific (NS) competitor (lane 12).



Self GATA-124 GATA-1OO NS

Competitor

Retarded
Complex

+

Free
Probe

#

123456789101112

1 00x10x 50x 100x10x 50x 110x 50x 1

{Ë.o I Èlirw'ils* ss +, $



and 5'-GTATAAAT-3', cofïesponding to the native -27 site (GA'[A-}7) and a canonical

TATA box, respectively (see Section 2.I.7). These oligonucleotides were radiolabeiled,

annealed and then used in gel shift experiments (as described in Section 2'9).

As seen in Fig. 5.54, a major retarded protein complex was observed following the

incubation of the GATA-Z7 probe with nuclear extracts from COS-I cells expressing

recombinanr GATA-I (Fig. 5.54, lane 3) but nor with nuclear extracts from

mock-transfected COS-1 cells (lane 2). Il competition experiments, the complex was

abolished using a 5g-fold molar excess of either the GATA-Z7 oligonucleotide as a

self-competitor (lane 4) or the GATA-cons oligonucleotide (lane 6) but not with the

canonical TATA box oligonucleotide (lane 5). The complex was identified as GATA-1 since

it was supershifted with the GATA-1 monoclonal antibody and had the same mobility as the

complex derected with the GATA-cons probe (data not shown). A retarded complex of

similar mobility to GATA-1 was observed with the TATA probe and nuclear extracts from

mock-transfecred COS-1 cells (lane 8) or COS-I cells expressing recombinant GATA-I

(lane 9) but rhe mobility of the complex was not affected with the GATA-I monoclonal

antibody (data not shown) and its identity is unknown.

In other experiments, the DNA binding affinity of GATA-I for the -27 GATA

sequence was compared with that of the B-globin GATA consensus site (GATA -21G) n

gel shift assays using a purified GST-GATA-I(Ð fusion protein (see Section 2.9.3). An

increasing concentration of GST-GATA-I(Ð was incubated with a constant amount of each

probe and the extent of DNA binding determined. An approximately 20-40 fold difference

in the concentration of protein required to give 507o DNA binding was observed, with

GATA-1 exhibiting a higher binding atrinity for the GATA-27G probe compared with the

GATA-}7 probe (data not shown).

To investigate whether the GATA-27 probe could also bind TBP, gel shift

experirnents were performed according to the binding reaction protocol described by Fong

and Emerso n (1992) (see Sectio n 2.9.3). A specific protein complex was detected following

incubation of the GATA-27 probe with recombinant human TBP (Fig. 5.58, laneZ) and a

conesponding complex was seen with the canonical TATA box probe (lane 4) but not with

the GATA-27G probe (data not shown). These results demonstrate that in addition to

GATA-I, the -27 non-canonical TATA box can bind TBP in vitro. The DNA binding

affinity of TBP for rhe -27 G1^îA site was compared with that of the canonical TATA
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Figure 5.5 Identification of proteins binding to the -27 GATA site

A A radiolabelled double-stranded oligonucleotide containing the -27 GATA site

(GATA-27 probe) was incubated with nuclear extracts isolated from COS-1 cells (lane 2)

and COS-1 cells expressing recombinant GATA-1 (lanes 3-6). The major retarded complex

(arrowed) was specificalty inhibited with a 5O-fold molar excess of the GATA-Z7

oligonucleotide in self-competition (lane 4) and the GATA-cons oligonucleotide (lane 6) but

not with the canonical TATA box oligonucleotide (lane 5). The canonical TATA probe was

incubated with nuclear extracts from COS-1 cells (lane 8) or COS-1 cells expressing

recombinant GATA-1 (lane 9). Nuclear extracts were omitted from lanes 1 andT .

B The radiolabelled GATA-27 probe (lane 2) and the canonical TATA probe (tane 4)

were incubated with recombinant TATA-Binding Protein (TBP). The major retarded

complex is arrowed. TBP was omitted from lanes 1 and 3.
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probe in experiments where an increasing concentration of purified TBP (ranging from

0.lnM to l00nM) was incubated with a constant amount of each probe. A specific retarded

protein complex was detected with the TATA probe with 1nM of TBP but a corresponding

complex was not observed with the GATA-}7 probe over this range of TBP concentrations

(data not shown). These data demonstrate that TBP has a weak atrinity for the -21 GATA

sequence in the ALAS2 promoter compared with a consensus TATA box'

ln conclusion, these gel shift experiments demonstrated that the -21 non-canonical

TATA box identified in the human ALAS2 promoter can bind either GATA-I or TBP

invitro. However, this sequence binds both GATA-I and TBP with a weak affrnity

compared with consensus binding sequences for GATA-I and TBP.

íií) Mutatíonal Analysis of the GATA-L Binding Sites

To investigate the functional contribution of the GATA-I binding motifs identified

in the ALAS2 promoter, these sites were inactivated by mutagenesis in the plasmid

construct, pALAS-293-LUC, and expression analysed in K562, MBL and COS-I cells

(Fig. 5.6). Mutagenesis of either the -124 GATA site (pALAS-293mutl-LUC) or the -100

GATA site (pALAS-293mut2-LUC) reduced promoter expression relative to wild-type in

K562 cells to 64Vo and73Vo, respectively, and this was further reduced to 5l%o when both

sires were mutared (pALAS-293mut3-LUC) (Fig. 5.6). In MEL cells, mutagenesis of these

sites lowered expression to 36Vo and 78Vo, respectively, and a value of 34Vo was obtained

when both sites were mutated. The reason for the greater contribution of the -124 GATA

site in MEL cells compared with K562 cells is not known. These mutations had no effect

when rested in COS-1 cells (Fig. 5.6), demonstrating the inactivity of these GATA-I

binding sites in non-erythroid cells.

To investigate the requirement for the -21 GNIA site in transcription initiation, the

sequencs was mutated (5'-GGATAAAT-3' to 5'-GÇAGC:[GT-3') so that binding of both

GATA-I and TBP was abolished in gel shift assays (data not shown). Expression of the

mutated promoter construct, pALAS-293mut4-LUC, was reduced to 367o of wild-type in

both K562 and MEL cells (Fig. 5.6) and to 337o in COS-I cells. The -27 GATA site was

also converted to a sequence (5'-AGGGATAAAT-3' to 5'-CATGATAAG-3') which

bound GATA-1 but not TBP in gel shift assays. This mutation (pALAS-293mut5-LUC)
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Figure 5.6 Effect of mutating the GATA motifs on ALAS2 promoter expression

GATA siæs located at-124, -100 and -27 n pALAS-293-LUC, were each mutated to a

PvuII site represented by a cross. The -27 GATA site was converted to a canonical TATA

box and to a consensus GATA-1 binding site (boxed). These constructs were co-transfected

with a p-galactosidase expression construct (pRSV-Êgal) and transiently expressed in the

K562, MEL and COS-1 cells. The normalised luciferase activities of the mutânt constructs

are expressed relative to pALAS-}93-LUC which was set at I00Vo. The data are averages

obtained from constructs tested in quadruplicate in at least three experiments and are

represented as the mean + standard deviation. ND (not determined) corresponds to those

constructs not tested in a particular cell line.
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reduced expression 1¡-K562 and COS-I cells to 307o and 40Vo, respectively, compared to

wild-type (Fig. 5.6).

The -27 bindìng site was also mutated to a canonical TATA box

(5'-GGATAAAT-3' to 5'-GTATAAAT-3') which, in gel shift assays, bound TBP (Fig'

5.58, lane 4) but nor GATA-1 (Fig. 5.54, lane 9). This mutation (pALAS-293mut6-LUC)

consistently reduced promoter activity in K562 and MEL cells to 8l% and 67Vo,

respectively, compared with wild-type but increased expression in COS-I cells to I32Vo

(Fig. 5.6). Inactivation of the -124 GATA and -100 GATA sites and conversion of the

-27 GATA site to a TATA box (pALAS-293mut7-LUC) reduced expression in K562 cells

to 41Vo relative to wild-type. Hence, for maximal expression in transiently transfected

erythroid cel|s, a non-canonical TATA box is required at the -27 position that can bind both

GATA-I and TBP invitro.

iv) GATA-I Transøctivates the ALAS2 Pronrcter in Non-erythroíd Cells

Co-transfection assays performed in non-erythroid COS-1 cells (as described in

Section 4.2.3), demonstrated that exogenously expressed murine GATA-1 was capable of

transactivating the ALAS2 promoter approximately 4-fo1d. To identify the siæs through

which GATA-I transacúvates the ALAS2 promoter, plasmid constructs containing mutated

GATA motifs were examined in similar co-transfection assays in COS-1 cells (Fig.5'7).

Muragenesis of either the -124 GATA site (pALAS-293mut1-LUC) or the -100 GATA site

(pALAS-293rnut2-LUC), reduced GATA-1 t¡ansactivation in COS-1 cells to 2.2 and 2.8

-fold, respectively, and this was further reduced to l.4-fold when both sites were mutated in

combination (pALAS-293mut3-LUC). Conversion of the -27 site to the canonical TATA

box sequence (pALAS -293mtt6-LIJC) marginally reduced the level of transactivation to

3.2-fo\d (Fig. 5.7) and is consistent with the reduced activity of the same construct in K562

and MEL cells. Transactivation by GATA-1 was virrually abolished following the

inactivation of the -I}4GATA and -100GATA sites and conversion of the -27site to a

canonical TATA box (pALAS-293mut7-LUC) (Fig. 5.7).
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Figure 5.7 Tlansactivation of the ALAS2 promoter by GATA'I

ALAS2 promoter constructs with mutated GATA motifs were co-transfected with the

murine GATA-l cDNA expression clone, pXN{/GF-1 in COS-1 cells and luciferase activities

determined. The plasmid, pGl2-Basic was included as a control for transactivation by

GATA-I and assigned a value of 1.0. The data are averages obtained from constructs tested

in triplicaæ in at least three experiments and are represented as the mean + standard

deviation. ND (not determined) corresponds to those constructs not examined.
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5.2.2 Analysis of a Putative CACCC Sequence in the Human ALAS2 Promoter

ù Spl, EKLF and BKLF bínd to the CACCC Sequence

The sequence (5'-GGGTGGGTGGGG-3') located at -591-48 in the human ALAS2

promoter contains two putative overlapping CACCC boxes on the non-coding strand

(Fig. 5.1). Currently, several transcription factors have been identified which bind in vitto to

CACCC boxes and include ubiquitous Sp1 (Kadonaga et al., 1987) and Spl-related

proteins (Hagen et aI., 1,992; Kingsley & Winoto, 1992), CAC C and CAC D (Hartzog &

Myers, lg93), BKLF (Crossley et al., 1996) and the erythroid-enriched protein, EKLF

(Mil|er & Bieker, 1993). To investigate the identity of the protein(s) capable of binding to

the putative CACCC site identified in the human ALAS2 promoter, gel shift âssays were

performed. Two complementary oligonucleotide pairs were synthesised, the first pair

contained the CACCC sequence from the ALAS2 promoter, referred to as the CACCC-54

probe and the second pair contained the previously characterised CACCC site from the

murine adult B-globin promoter, capable of binding Sp1, EKLF and BKLF (Crossley et aL,

1996) and referred to as the P-globin CACCC probe (Section 2.1.7). These synthetic

oligonucleotides were radiolabelled, annealed, and tested for protein binding ability with

nuclear extracts derived from MEL and CV-l cells or CV-l cells transfected with 10pg of

the murine EKLF cDNA expression clone, pSG5iEKLF (Miller & Bieker, 1993) in gel shift

assays (as described in Section 2.9). Preliminary gel shift experiments with the CACCC-54

probe were performed using the same procedure as described for detection of GATA

binding proteins. However, only two major retarded protein complexes were detected (data

not shown) and a procedure described by Cros sley et aL (1996) was adopted which

permitted the identification of at least three CACCC binding proteins.

The CACCC-54 probe bound three major protein complexes from MEL cell nuclear

extracts in gel shift assays (Fig. 5.84, lane 2). Of these, the most rapidly migrating complex

was identified as BKLF since an anúbody to BKLF (lane 4) partially but specifically

inhibited binding whereas antibodies to EKLF (lane 5) or preimmune serum (lane 3) had no

effect. The slowest major migrating complex contained Sp1 and probably Spl-related

proteins since it was supershifted with an antibody to Sp1 (lane 6). However, the Sp1

antibody also partially inhibited binding to the second and third (BKLF) protein complexes.
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The remaining major retarded complex was unaffected by the antibodies employed and its

identity is unknown.

The CACCC-54 probe was also incubated with nuclear extracts from

mock-transfected CV-1 cells (lane 7) and CV-1 cells expressing recombinant murine EKLF

(lane 8). A complex of high mobility was observed only with nuclear extracts from cells

expressing recombinant EKLF, and this complex was confirmed as EKLF using an antibody

to EKLF (lane 11). The slowest migrating complex observed with mock-transfected CV-1

nuclear extracts was confirmed immunologically as Sp1 (lane 12). Together, the data

demonstrate that the CACCC-54 probe can bind Spl, BKLF and EKLF but the EKLF

complex cannot be detected in the MEL cell nuclear extracts employed.

In similar gel shift experiments, Crossley et al. (7996) have shown using nuclear

extracts from a different MEL cell line, that an EKlF-responsive CACCC box at -941-87 n

rhe promoter of the murine adult B-globin gene (Miller & Bieker, 1993) strongly binds

BKLF and Sp1 but only weakly binds EKLF. For comparison, protein binding by this p

-globin CACCC box (Mitler & Bieker, 1993) using MEL F4-LZBZ cell nuclear extracts was

investigared (Fig. 5.SB). The results were almost identical to those observed with the

CACCC-54 probe with major complexes detected for BKLF (lane 4) and Spl (lane 5) but

no complex conesponding to EKLF (Fig.5.8B). A complex of high mobility which was

observed only with nuclear extracts prepared from cells expressing recombinant EKLF

(lane 7) but not with mock-transfected CV-l cell nuclear extracts (lane 6) was identified as

EKLF using the EKLF antibody (lane 8). Apparently, there is insuffrcient EKLF in the

MELF4-I282 ceII nuclear extracts for detection by gel shift analysis using either CACCC

probe. The slowest migrating complex detected with the B-globin CACCC and the Spl

consensus probes in both MEL (lanes 2 and 11) and CV-1 nuclear extracts expressing

recombinant EKLF (lane 7) was identified as Spl since it was supershifted with an antibody

to Spl (lanes 5,9 andl2).

Competition experiments were performed using the B-globin CACCC probe, nuclear

extracts from CV-l cells expressing recombinant EKLF and an increasing amount of

unlabelled competitor oligonucleotide ranging from 5ng (5-fold excess ) to 100ng (100-foid

excess). As seen in Fig. 5.9, the CACCC-54 sequence and the B-globin CACCC box bind

EKLF with similar affinities. The binding of EKLF to the B-globin CACCC probe (lane 3)

was substantially reduced by competition with a 25-fold molar excess of either the B-globin
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Figure 5.8 Gel shift analysis of the -54 CACCC sequence

A Radiolabelled double-stranded oligonucleotides containing the -54 CACCC sequence

(CACCC-54 probe) was incubated with nuclear extracts isolated from MEL (lanes 2-6) and

CV-l Qane 7) cells, and CV-l cells expressing recombinant EKLF (lanes 8-12). Nuclear

extract was omitted from lane 1. For supershift assays, preimmune (PI) serum (lanes 3 and

9), anti-BKLF(lanes 4and 10), anti-EKLF(lanes 5 and 11) andanti-Sp1 (lanes 6 and 12)

antibodies were added prior to the addition of the probe. The retarded complexes

corresponding to Sp1, EKLF, BKLF and an unknown protein (?) are arrowed.

B Radiolabelled double-stranded oligonucleotides containing the CACCC site from the

murine adult B-globin promoter (B-globin CACCC probe) was incubated with nuclear

extracts from MEL (lanes 2-5) and CV-l (lane 6) cells, and CV-l cells expressing

recombinant EKLF (lanes 7-9). The Spl-cons probe containing a consensus Sp1 binding site

was incubated with nuclear extracts from MEL cells (lanes 17-12). Nuclear extracts were

omitted from lanes I and 10. For supershift assays, preimmune (PI) serum (lane 3),

anti-BKLF (lane 4), anti-EKLF (lane 8) and anti-Spl (lanes 5, 9 and 12) antibodies were

added prior to the addition of probe.
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CACCC oligonucleotide in self competition (lane 6) or the CACCC-54 oligonucleotide

(lane 9) but was not affected with a 100-fold molar excess of a non-specific compeútor

oligonucleotide (lane 10).

iÐ Mutational Analysís of the CACCC Sequence

The -54 CACCC sequence was mutated (5'-GGGTGGGTGGGG-3' to

5'-GGCAGCTGGGGG-3') so rhat both of the constituent overlapping CACCC boxes were

destroyed. As seen in Fig. 5.10, expression of this mutant promoter construct

(pALAS-293mut8-LUC) in K562 and MEL cells was reduced to 59Vo and 467o,

respectively, relative to pALAS-293-LIJC, demonstrating the functional importance of this

CACCC sequence. To investigate 
^ 

possible cooperative interaction of CACCC-binding

proreins with GATA motifs in the ALAS2 promoter (Frampton et al., 1990; Merika &

Orkin, 1995; Gregory etal., 1996), two additional mutant promoter constructs were

created. Mutagenesis of the CACCC sequence and the -724G1^fA site

(pALAS-293mur9-LUC), or a triple mutation of the CACCC sequence together with the

-724 GATA and -100 GATA sites (pALAS-293mut10-LUC), reduced expression in K562

cells to 44Vo and38Vo, respectively (Fig. 5.10). In COS-1 cells, expression of the promoter

consrrucr with only the CACCC sequence mutated (pALAS-293mut8-LUC) was markedly

reduced to 33Vo relative to wild-type and mutations in the GATA sites did not further lower

expression, establishing that promoter activity in these cells is driven predominantly by a

CACCC binding protein, perhaps Spl or a Spl-related protein.

äi) Attentpts to ldentify the Transcriptíonal Activator at the -54 CACCC Site

a) EKLF transactivates the ALAS2 promoter

To investigate the identity of the transcriptional activator at the -54 CACCC site in

the human ALAS2 promoter, co-transfection assays were performed. Transactivation

experiments have demonstrated that the functional CACCC site locatod in the murine adult

B-gtobin promoter can respond transcriptionally to exogenously expressed EKLF in the

non-erythroid CV-l cell line (Miller & Bieker, 1993; Bieker & Southwood, 1995) and in

the K562 cell line, which synthesises reduced levels of EKLF in comparison to MEL cells
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Figure 5.9 Oligonucleotide competition for proteins binding to the p'globin

CACCC site in a gel shift ¿rssay

The radiolabelled B-globin CACCC probe was incubated with nuclear extracts from CV-l

cells (lane 2) and CV-l cells expressing recombinant EKLF (lanes 3-10). Nuclear extract

was omitted from lane 1. The retarded complexes were competed with a 5, 10 and 25 -fold

molar excess of the p-globin CACCC oligonucleotide in self competition (lanes 4, 5 and 6),

the CACCC-54 oligonucleotide (lanes 7, 8 and 9) and a 100-fold molar excess of a

non-specific (NS) competitor (lane 10). The retarded complexes conesponding to Sp1 and

EKLF are arrowed.
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Figure 5.10 Effect of mutating the -54 CACCC sequence on ALAS2 promoter

expression

The -54 CACCC sequence in pALAS-Z93-LUC was mutated to a PvuII site. To examine

the possible interaction of the CACCC sequence with GATA sites, the -124 GATA and

-100 GATA sites were mutated in combination with the -54 CACCC sequence. Mutated

sites are represented by a cross. Constructs were co-transfected with a p-galactosidase

expression construct (pRSV-Bgal) and transiently expressed in the K562, MEL and COS-1

cells. The luciferase activities were standardised relative to B-galactosidase activity as an

internal control for transfection efficiency and expressed relative to pALAS-Z93-LUC (set at

1007o). The data are averages obtained from constructs tested in quadruplicate in at least

three experiments and are represented as the mean + standard deviation. ND (not

determined) corresponds to those constructs not tested in a particular cell line.
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(Donze et a1.,1995). Consequently, the level of transactivation of the ALAS2 promoter by

exogenously expressod EKLF was compared to that obtained with the adult p-globin

promoter.

The plasmid reporter constructs, pClG3tk-CAT containing four copies of the

functionally EKlF-responsive CACCC (-941-87) from the adult p-globin promoter ligated

upstream of the thymidine kinase promoter and pB-glob-CAT containing the murine adult B

-globin promorer (-163 bp to +37 bp), both [gated upstream of the CAT reporter gene

were obtained from Dr. J. Bieker. However, due to the increased sensitivity of the luciferase

reporter gene in comparison to the CAT reporter gene, plasmid constructs contâining the

luciferase reporter gene were synthesised as described in Section2.4.5. These plasmid

constructs, p(CAC)4tk-LUC and pp-glob-Luc were employed as positive controls in

co-transfection assays with exogenously expressed EKLF. To eliminate the possibility of

CACCC-like sequences being located upstream in the ALAS2 promoter, plasmid constructs

with -724bp of wild-type ALAS2 promoter (pALAS-1244-LUC) or a mutation in the

-54 CACCC sequence (pALAS-124mut-LUC) were synthesised for use in transactivation

experiments (refer to Section 2.4.5).

Co-transfection assays performed in CV-1 cells by Bieker and Southwood (1995),

demonsrrated that Z¡tg of the plasmid pClG3tk-CAT and 10pg of the EKLF cDNA

expression clone, pSG5/EKLF (Miller & Bieker, 1993) was required to transactivate the

reporter construct approximately 25-iold. Preliminary co-transfection assays were

performed with the plasmids, p(CAC)atk-LUC and pB-globin-Luc (zptÐ and pSG5ÆKLF

(10pg). The plasmid, p(CAC)4tk-LUC was not transactivated but repressed approximateiy

lg-fold by exogenously expressed EKLF in CV-1 cells. Similarly, pB-glob-LUC was also

repressed by exogenously expressed EKLF in CV-l cells. In contrast, examination of these

constructs containing the CAT reporter gene demonstrated that pClG3tk-CAT was

transactivated approximately 5-fold by EKLF in CV-1 cells but expression of plasmid

pB-glob-CAT was unaffected with exogenously expressed EKLF (data not shown).

Donze et aI. (1995) have performed transactivation experiments with exogenously

expressed EKLF in K562 cells and similar studies were undertaken in this cell line with the

ALAS2 promoter. Co-transfection assays were optimised and consisted of 2 pmol

(approximately 7 .5¡t g) of the luciferase reporter constructs and 7.5pg of pSG5iEKLF. The
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pRSV-Bgal plasmid that served as an internal control for transfection eff,rciency in earlier

experiments was not was included in these transactivation experiments since numerous

promoters contain CACCC binding sites. Therefore the possibility existed that EKLF may

also transactivate the Rous sarcoma viral (RSV) promoter and increase expression of the B

-galactosidase reporter gene and this was observed in preliminary transactivation

experiments (data not shown). The plasmids, pGl2-Basic and ptk-LUC, containing a

l64bp fragment of the thymidine kinase promoter were included as controls. The fold

transactivation was determined following subtraction of the background activity obtained

with pGl2-Basic or ptk-LUC and assigned a value of 1.0.

As seen in Fig. 5.11, the plasmid, pALAS-1244-LUC containing l24bp of ALAS2

promoter was consistently induced 3.1-fold by exogenously expressed EKLF in K562 cells.

Mutagenesis of the -54 CACCC sequence (pALAS-l24mut-LUC) reduced this to 1.8-fold

indicating that EKLF can function through this site. Transactivation of the ALAS2

promoter by EKLF was compared with pB-glob-LUC and p(CAC)¿tk-LUC which were

transactivated 4.O-fold and 9.5-fo1d, respectively, by EKLF ínK562 cells (Fig. 5.11).

In conclusion, the -54 CACCC sequence located in the human ALAS2 promoter can

respond transcriptionally to exogenously expressed EKLF but gel shift analysis

demonstrated that this site was capable of binding not only EKLF but at least two other

CACCC box binding proteins, Spl and BKLF.

b) Can BKLF transactivate the ALAS2 promoter?

Co-transfection studies performed in the Drosophila SL2 cell line, devoid of

endogenous Sp1-like activity have demonstrated that BKLF can function as a

transcriptional activator (Crossley et aI., 1996). To investigate whether the -54 CACCC

sequence in the ALAS2 promoter can respond transcriptionally to exogenously expressed

murine BKLF, co-transfection assays were performed in CV-l cells which contain reduced

levels of BKLF in comparison to MEL cells (Crossley et a1.,1996).

Preliminary co-transfection studies in CV-1 cells were undertaken with 2 pmol of

the reporter plasmid and 7 .5¡tg of the murine BKLF oDNA expression clone, pMT2/BKLF

(provided by Dr. M. Crossley). The plasmid construct, p(CAC)¿tk-LUC was not

transactivated by BKLF, but activity was reduced, approximately 4-fold. The plasmid, pB

-glob-LUC was only marginally transactivated (approximately 1.3-fold), by exogenousiy
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Figure 5.11 TÏansactivation of the ALAS2 promoter by EKLF

The constructs p(CAC)atk-LUC, ptk-LUC, pB-glob-LUC, pALAS-1244-LUC,

pALAS-l24mut-LUC and pGl2-Basic were co-transfected with the EKLF oDNA

expression clone, pSG5/EKLF in K562 cells and luciferase activities determined. The

mutated -54 CACCC sequence is represented by a cross. The data are averages obtained

from constructs tested in quadruplicate in at least six experiments and are represented as the

mean r standard deviation. The plasmids ptk-LUC and pGl2-Basic were included as

controls for transactivation by EKLF, assigned a value of 1.0 and t¡ansactivation of the

plasmid constructs by EKLF corrected for background.
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expressed BKLF in CV-1 cells. These results suggested that BKLF co-transfection assays

would not be suitable in this cell line.

To investigate whether K562 cells are an âppropriate cell line for co-transfection

studies with exogenously expressed BKLF, gel shift assays were performed with the B

-globin CACCC probe ro examine the level of BKLF protein :fi^K562 cells in comparison to

MEL cells. Although, Crossley et aI. (1996) had reported a similar level of BKLF in both

MEL and K562 cell lines, variation in the level of nuclear proteins between strains of MEL

cell lines had been observed. As seen in Fig. 5.12, the binding profile of nuclear proteins to

the B-globin CACCC probe with nuclear extrâcts from K562 (lane 2) and MEL (lane 6)

cells was extremely similar. An antibody to BKLF (lanes 4 and 8) specifically inhibited

binding of the most rapidly migraúng complex observed in both K562 and MEL nuclear

extracts, whereas antibodies to EKLF or preimmune serum had no effect. Consequently, gel

shift analysis indicated that a major retarded protein c;omplex corresponding to BKLF was

present in both K562 and MEL cells. However, in spite of this finding, preliminary

co-transfection experiments were undertaken in this cell line.

As seen in Fig.5.13, p(CAC)+tk-LUC was not transactivated by exogenously

expressed BKLF but was reduced (0.48-fold), whereas expression of pB-globin-LUC was

only marginally transactivated (l.7-fold) by BKLF. In contrast, pALAS-124A-LUC was

transactivated approximately L}-fold by BKLF in K562 cells, but mutagenesis of the -54

CACCC sequence (pALAS-124mut-LUC) only marginally reduced this to lO-fold

indicating that BKLF may funcúon through an alternative site.

Sequence analysis of the l52bp ALAS2 promoter revealed a putative CACCC site

(5'-ACCCACCT-3') located at -31+5 (at the transcription initiation site). To investigate

whether BKLF could function through this site, a series of ALAS2 piasmid constructs v/ere

generated by PCR, in which this region was deleted or mutated (refer to Section 2.4.5).

As seen in Fig.5.13, deleúon of the putative CACCC site at -31+5

(pALAS-124-CAP-LUC) abolished transactivation of the ALAS2 promoter by BKLF

(0.85-fold) in K562 celis. Mutagenesis of the -3l+5 putative CACCC site at +21+4 did not

significantþ affect the ability of exogenously expressed BKLF to transactivate the ALAS2

promoter, since pALAS-124CAPmuI-LUC was transactivated approximately 8.5-fold.

Similarly, pALAS-l24mutCAPmut-LUC containing mutations at the -54 CACCC sequence

and at +21+4 was transactivated approximately 9.5-fo1d with exogenously expressed BKLF
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Figure 5.12 Expression of BKLF in erythroid cetl lines by gel shift analysis

The radiolabelled B-globin CACCC probe was incubated with nuclear extracts from K562

(lanes 2-5) and MEL (lanes 6-9) cells. Nuclear extract was omitted from lane 1. For

supershift assays, preimmune (PI) serum (lanes 3 and 7), anti-BKLF (lanes 4 and 8) and

anti-BKLF (lanes 5 and 9) antibodies were added prior to the addition of probe. The

retarded complex corresponding to BKLF is arrowed.
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Figure 5.L3 TTansactivation of the ALAS2 promoter by BKLF

A series of ALAS2 promoter plasmid constructs were co-transfected with the BKLF cDNA

expression clone, pMT2/BKLF n K562 cells and luciferase activities determined. The

mutated CACCC sites located at -54 and -3l+5 are represented by à cross. The plasmid

pGl2-Basic was included as a control for transactivation by BKLF, assigned a value of 1.0

and transactivation of the plasmid constructs by BKLF corrected for background. The data

are averages obtained from constructs tested in quadruplicaæ in at least four experiments

and are represented as the mean + standard deviation.
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nK56}cells. plasmid constructs containing ALAS2 promoter sequence from -27 bp to +28

(pALAS-27-LUC), were also transactivated approximately 11-12-fold by BKLF in K562

cells, irrespective of the mutation introduced at +21+4 (Fig.5.13). In conclusion,

transactivation experiments performed with exogenously expressed BKLF in K562 cells

demonstrated that BKLF was capable of increasing expression of the luciferase reporter

gene through a region in the ALAS2 promoter. ln contrast, the B-giobin promoter was only

marginally transactivated ( 1.7-fold) with exogenously expressed B KLF.

In an attempt to localise the site through which BKLF transactivated the ALAS2

promoter, gel shift assays were performed. The CAP-probe containing ALAS2 promoter

sequence from (-10 bp to +12 bp) (see Section 2.1.7) and the B-globin CACCC probe from

the murine adult B-globin promoter which binds BKLF were incubated with nuclear extracts

isolated from K562 cells. As seen in Fig.5.144, three retarded protein complexes were

observed with the B-globin CACCC probe (lane 3) and the most rapidly migrating complex

was identified as BKLF since binding was inhibited with an antibody to BKLF (lane 4). In

comparison, binding of nuclear proteins to the CAP-probe was extremely weak (lane 1) and

there was no evidence that BKLF was capable of binding to this sequence, since addition of

an anribody to BKLF (lane 2) did not effect the binding profile observed with this probe.

Transactivation studies described in K562 cells with exogenously expressed BKLF

indicated rhat the region of ALAS2 promoter located from -21 bp to +28 bp was

transactivated approximately l2-fold. A 55 bp fragment containing this region was isolated

and radiolabelled and designated the CAP-55 probe. To investigate whether sequences

located within this region were capable of binding BKLF directly, or if in the presence of

exogenously expressed BKLF, proteins were inhibited from binding to this region, nuclear

extracts were prepared from K562 cells transfected with an increasing amount of the BI(LF

gDNA expression clone, pMT2iBKLF. As seen in Fig.5.148, an increase in the retarded

complex binding to the radiolabelled B-globin CACCC probe and conesponding to BKLF

was observed in K562 nuclear extracts transfected with 30¡rg of pMT2iBKLF (lane 7) in

comparison to mock-transfected K562 nuclear extracts (tane 5). Although in this gel shift

assay the intensity of the complex corresponding to BKLF was extremely weak in

comparison to what has been observed previously, there was no significant increase in the

retarded protein complexes observed with the K562 nuclear extracts and the CAP-55 probe

(compare lane 4 with lane 2). However, an additional although extremely weak protein
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Figure 5.L4 Identification of binding sites for BKLF in the ALAS2 promoter ('27 bp

to +28 bp) by gel shift analysis

A Radiolabelled double-stranded oligonucleotides containing the putative CACCC site

at -31+5 (CAP probe) and the B-globin CACCC probe were incubated with nuclear extracts

from K562 (lanes 1-4). An anti-BKLF antibody was added to the K562 nuclear extract prior

ro the addition of the CAP probe (lane 2) and the B-globin CACCC probe (lane 4). The

retarded complex conesponding to BKLF is arrowed.

B A 55 bp fragment of the ALAS2 promoter (-27 bp to +28 bp) was radiolabelled and

designated the CAP-55 probe. The CAP-55 probe and the B-globin CACCC probe were

incubated with nuclear extracts isolated from K562 cells (lanes 2 and 5), K562 cells

transfected with 7.5¡rg of the BKLF cDNA expression vector, pMT2/BKLF (lanes 3 and 6)

and K562 cells transfected with 30pg of this vector (lanes 4 and 7). Nuclear extract was

omitted from lane 1 and contains the CAP-55 probe. The retarded complex corresponding to

BKLF, and a faster migrating complex detected with the CAP-55 probe (?) and nuclear

extracts from K562 cells are arrowed.
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complex was observed in mock-transfected K562 nuclear extracts (lane 2) but not with

K56Z nuclear extracts transfected with either 7.5lrg Gane 3) or 30ttg (lane 4) of

pMT2iBKLF. Hence, gel shift analysis of ALAS2 promoter sequence ftom -27 bp to

+28 bp did not detect the binding of BKLF to any sequences located within this region.

To eliminate the possibility of BKLF transactivating sequences located within the

luciferase vector, a l52bp ALAS2 promoror (-124 bp to +28 bp) fragment was inserted

into the vector, pCATOO containing two synthetic polyA sites inserted upstream of the

CAT reporter gene as described in Section2.4.5. Two plasmid constructs were examined,

one conraining a mutation at the -54 CACCC sequence (pALAS-124mut-CAT) and the

second, a mutarion introduced ^t +21+4 (pALAS-124CAPmuI-CAT). Transactivation

experiments consisted of 15pg of the CAT reporter construct due to the low level CAT

expression and 15pg of pMT2ÆKLF in K562 cells. To determine whether BKLF was also

capable of transactivating other promoters, 2 pmol of the plasmids, pRSV-pgal and

ptk-LUC were co-transfected with 7.5pg of pMT/BKLF.

As seen in Fig. 5.154, BKLF consistently transactivated the ALAS2 promoter-CAT

constructs approximately 2.7-fold irrespecúve of the mutations introduced at either the

-54 CACCC site or at +21+4. Similarly, the Rous sarcoma viral and the thymidine kinase

promoters were transactivated 6.5 and 10 -fold, respectively, by BKLF llirK562 cells (Fig.

5.1s8).

In conclusion, the -54 CACCC sequence identified in the human ALAS2 promoter is

capable of binding BKLF but co-transfection studies performed with exogenously expressed

BKLF n K562 cells, demonstrated that this siæ does not respond transcriptionally to

exogenously expressed BKLF. However, the ALAS2 promoter can be transactivated by

BKLF approximately 1O-fold in K562 cells. Attempts to localise and identify the

BKlF-responsive site in the ALAS2 promoter focused on the region located between

-27 bp to +28 bp which included the transcription initiation site. Mutational analysis of a

putative CACCC site located at-31+5, failed to abolish the transactivation of the ALAS2

promoter by BKLF. In addition, gel shift analysis of sequences located within this region

and the putative CACCC site at -31+5 were unable to detect the binding of BKLF.
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Figure 5.15 Tfansactivation of the ALAS2, Rous sarcoma viral (RSV) and

thymidine kinase promoters by BKLF in K562 cells

A K562 cells were electroporated with 15pg of ALAS2/pCATOO plasmids containing

a mutation at -54 (pALAS-124mut-CAT) or at +21+4 (pALAS-l24CAPmut-CAT) and

15¡rg of pMT2/BKLF. Cells were harvested 48 hours following transfection, the protein

concentration of the cell lysate determined and 100pg of total protein assayed for CAT

activity. T'he Vo of acetylated chloramphenicol and the fold induction obtained with

exogenously expressed BKLF were determined. The autoradiograph shown is representative

of a typical experiment and the data obtained from constructs tested in duplicate in three

experiments and are represented as the mean + standard deviation.

B The plasmids, pRSV-pgal and ptk-LUC (2 pmol) were electroporated with 7.5pg of

pMT2/BKLF n K562 cells. Cells were harvesTÊd 24 hours following transfection, ffid

100pg of total protein assayed for B-galactosidase or luciferase activity. The data are

averages obtained from constructs tested in triplicate in three experiments and are

represented as the mean + standard deviation.
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5.2.3 Analysis of a Putative NF-E2-like sequence in the Human ALAS2 Promoter

Ð GeI Shíft Analysis of an NF-E2-like Sequence

Partially overlapping the -54 CACCC sequence, is an NF-E2-like sequence

(5'-GGCTGAGTCAG-3') locared àt -491-39 (Fig. 5.1) with a 9/11 match to the consensus

DNA binding motif for NF-E2 (5'-(TiC)GCTGAG/CTCA(C/T)-3') (Andrews et al.,

1993a). To investigate the proteins capable of binding to the putative NF-E2-like binding

site identified in the human ALAS2 promoter, two complementary oligonucleoúdes (-32 bp

to -52bp) were synthesised that encompassed both the putative NF-E2 sequence and one of

the CACCC sites (-48i-56) (see Section 2.1.1). These oligonucleotides were radiolabelled

and annealed and designated the NF-E2-44 probe. The binding of nuclear proteins to this

site was investigated with nuclear extracts from K562, MEL or COS-I cells using gel shift

assûys as previously described. The preparation of nuclear extracts and the binding protocol

described for the detection of GATA-1 binding was also employed in these studies.

As seen in Fig. 5.16, two major retarded protein complexes were obtained with the

NF-E2-44 probe in K562 and MEL cell nuclear extracts (lanes 2 and 6) and minor bands of

similar mobility with COS-1 nuclear extracts (lane 9). An additional minor band located

between the two major retarded complexes was obtained with nuclear extracts from MEL

cells and was also detected in COS-1 cells, although the intensity was increased (lanes 6

and 9).

To investigate the identity of these retarded protein complexes, competition

experiments were performed with a 50-fold molar excess of unlabelled oligonucleotides

containing the NF-E2-44 probe in self competition, or an AP-l or Spl consensus binding

sites (designated AP-l and Spl-cons oligonucleotides). As seen in Fig. 5.164, the two

major retarded protein complexes obtained with K562 (lane 2) and MEL (lane 6) cell

nuclear extracts, were substantially reduced with a SO-fold molar excess of the NF-E2-44

oligonucleotide in self competition (lane 3) or the Spl-cons oligonucleotide (lanes 4 andi).

These two protein complexes were not affected with a 5O-fold molar excess of the AP-l

cons oligonucleotide (lanes 5 and 8) although the minor band observed with MEL cell

nuclear extracts was abolished (compare lane 8 with lane 6). The major protein cornplex

observed with COS-I nuclear extracts (tane 9) was abolished with a 5O-fold excess of the

NF-E2-44 oligonucleotide in self competition (lane 10) and the AP-1 cons oligonucleotide
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(lane 12). The two minor bands observed in the COS-1 cell nuclear extrâcts were

substantially reduced with a SO-fold excess of the Spl-cons oligonucleotide (lane 11).

These competition experiments demonstrated that the NF-E2-44 probe substantially

bound Spl protein (or a related protein) in erythroid cell nuclear extracts (as expected from

the inclusion of the CACCC site in this probe and were also observed with the -54 CACCC

probe under the same binding conditions) and AP-l in non-erythroid ceil extracts. However,

the detection of an additional protein complex in erythroid nuclear extracts conesponding

to NF-82 wâs not observed. A consensus NF-E2 probe was not included in these

experiments which would have unequivocally established that these nuclear extracts

contained NF-E2.

As a source of recombinant murine NF-E2, nuclear extracts were also prepared from

COS-I cells co-transfected with 10pg of each oDNA expression clone, pMT2/RINFE and

pMT2/p18w-1, encoding the erythroid-specific subunit of NF-82, p45 (Andrews et aI.,

1993a) and its ubiquitously expressed partner, p18 (Andrews et aI., 1993b), respectively.

However, no additional retarded complexes were observed following the incubation of the

NF-E2-44 probe with these nuclear extracts in comparison to mock-transfected COS-I

nuclear extracts (data not shown). This finding is in agreemont with gel shift studies

performed by Andrews et al. (1993a) where the ALAS2 NF-E2-like sequence failed to

inhibit binding of purified NF-E2 protein to a consensus NF-E2 binding site.

ä) Mutational Analysis of the Putatíve NF-82 Bindíng Site

Gel shift analysis of the putative NF-E2-like sequence at -491-39 failed to detect

binding of an erythroid-specific complex. To unequivocally eliminate a functional role of

this site in the expression of the ALAS2 promoter, the sequence was mutated

(5'-GGCTGAGTCAG-3' to 5'-GGCAGCTGCAG-3') and the resulting construct

pALAS-293mut11-LUC, transiently transfected into K562, MEL and COS-I cells. As seen

in Fig. 5.168, this mutaúon did not affect expression of the ALAS2 promoter construct in

erythroid cells. However, expression of this mutant promoter construct in COS-1 cells, was

reduced to 7 8Vo of the wild-type, presumably reflecting a contribution from AP- 1.

In transactivation experiments in COS-1 cells, over-expression of recombinant

murine NF-E2 protein, using the cDNA expression clones encoding p45 and pl8, failed to
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Figure 5.16 Gel shift and mutational analysis of t}ne -44 NF-E2-like sequence in the

ALAS2 promoter

A Gel shift analysis of the -44 NF-E2-like sequence

A radiolabelled double-stranded oligonucleotide containing the -44 NF-E2-like sequence and

one of the CACCC sites (NF-82-44 probe) was incubated with nuclear extracts isolated

from K562 (lanes 2-5),llf.EL (lanes 6-8) and COS-1 (lanes 9-12) cells. Nuclear extract was

omitted from lane 1. The major and minor retarded complexes rÍe arrowed. These retarded

complexes were competed with a 5O-fold molar excess of the NF-E2-44 oligonucleotide in

self competition (lanes 3 and 10), the Spl-cons oligonucleotide (lanes 4,7 and 11) and an

AP-l cons oligonucleotide (lanes 5, 8 and 12).

B Effect of mutatingthe -44 NF-E2-like sequence on ALAS2 promoter expression

The -44 NF-E2-like sequence in pALAS-Z93-LUC was mutâted to a PvuII site, represented

by a cross. This construct and pALAS-293-LUC were co-transfected with a p-galactosidase

expression construct (pRSV-pgal) and transiently expressed n K562, MEL and COS-1

cells. The luciferase activities were standardised relative to p-galactosidase activity as an

internal control for transfection efficiency and expressed relative to pALAS-Z93-LUC (set at

l00%o). The data are averages obtained from constructs tested in triplicate in two

experiments and are represented as the mean + standard deviation.
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increase expression of pALAS-}93-LUC (data not shown). These experiments established

that the NF-E2-like sequence is inactive in erythroid cells'

5.2.4 Analysis of a Putative Thyroid Hormone Receptor Binding Site (TRB) in the

Human ALAS2 Promoter

ù Gel Shíft Analysís of a Putative Thyroi.d Hormone Receptor Bindíng Site

A purative thyroid hormone receptor binding site (TRE) was identified at -21,1-6

(5,-CCAGG'¡SCQ\r{CCCAA-3') in the human ALAS2 promoter with a llll6 match to

tlre ideal TRE consensus (5'-TCAGGTCATGACCTGA-3') (Glass et al-, 1988). To

investigate whether the TRE-like sequence could bind nuclear proteins, gel shift assays were

performed. Two complementary oligonucleotide pairs were synthesised, the first pair

contained the putative TRE sequence from the ALAS2 promoter, and the second pair

contained the consensus TRE binding site, and are referred to as the TRE-13 and TRE-cons

probes, respectively (see Section 2.1.1). These oligonucleotides were radiolabelled,

annealed and examined for protein binding activity in gel shift assays (as described in

Section 2.9). Nuclear extracts were prepared from K562 and MEL cells, and COS-1 cells

which does not express the thyroid hormone receptor. The nuclear extracts and binding

protocol described for the detecúon of GATA-I binding was also employed in these

experiments, with the exception that the binding reaction was incubated at25"C rather than

on ice for optimal binding of retarded complexes'

As seen in Fig.5.17, two major protein complexes were observed with the

TRE-cons probe and K562 (lane 2) and MEL (lane 5) cell nuclear extracts. The faster

mobility complex was also observed with COS-i (lane 8) nuclear extracts. Cornpetition

experiments performed with the TRE-cons probe and nuclear extracts from K562 and MEL

cells, demonstrated that a S0-fold molar excess of the TRE-cons oligonucleotide as a self

competitor (lanes 3 and 6) but not the TRE-13 oligonucleotide (lanes 4 and 7) was required

to abolish binding of the two retarded protein complexes (although this is difficult to see on

the reproduction of the autoradiogram). The intensity of the faster mobility complex

observed with COS-1 cell nuclear extracts (lane 8) was only marginally reduced with a

5Q-fold molar excess of the TRE-cons oligonucleotide in self competition (lane 9) and

unaffected with a 5O-fold molar excess of the TRE-13 probe (lane 10). In contrast, protein
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binding to the TRE-13 probe was not detected with nuclear extracts isolated from either

K562, MEL or COS-1 cells (data not shown). In conclusion, gel shift analysis of the

putative TRE identified in the ALAS2 promoter, failed to detect binding of nuclear proteins

to this site.

ií) Mutøtiottøl Analysis of a Putative TRE

To eliminate a functional role of this site in the expression of the ALAS2 promoter,

the putative TRE was inactivated by mutagenesis in the plasmid pALAS-Z93-LUC and

expression analysed tn K562, MEL and COS-1 cells. The thyroid hormone receptor is

known to bind as a homodimer or a heterodimer to TREs and a HindIfI site was introduced

ar the first half site to abolish the possible binding of this dimer to the putative TRE in the

ALAS2 promoter. However, mutagenesis of the putative TRE

(5'-CCAGGTCCTAACCCAA-3' ro 5'-CAAGCTTCTAACCCAA-3') did not affect

expression of pALAS-293nuIIZ-LUC relative to wild-type in either K562, MEL or COS-1

cells (Fig. 5.178).

5.2.5 Analysis of a Putative Ets Binding Site in the Human ALAS2 Promoter

Ð Gel Shíft Analysís of a Putatíve Ets Síte

A putarive Ets binding site (5'-TAGCAAGGAA,GGGAC-3') located at -119i-105 in

the ALAS2 promoter, was initially identified by sequence homology to a functional

enhancer element (5'-TAAGCAGGAAGTGAC-3') found in both the adenovirus type 5

(Herbomel et a1.,1984) and polyoma virus (Hearing & Schenk, 1986) and known to bind

members of the Ets family of transcription factors. The Ets-like sequence

5'-ACGAAGGGAC-3' (-1t4 to -105), containing the core ets binding motif, GGAA is

located between the -I24 and -100 GATA sites in the ALAS2 promoter. Two

complementary oligonucleotides (-132 bp to -90 bp) were synthesised that encompassed the

two GATA-I binding sites at -124 and -100 and the putative ets site (see Section2.l.7).

These oligonucleotides were radiolabelled, annealed and referredto as the ets-l10 probe. A

probe containing the Ets binding site located in the CYP24 promoter (ets-CYPz¿ probe) (Dr.
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Figure 5.17 Gel shift and mutational analysis of the putative thyroid hormone

receptor binding site (TRE) in the ALAS2 promoter

A Get shift analysis of the TRE-like sequence

A radiolabelled double-stranded oligonucleotide containing a consensus TRE (TRE-cons

probe) was incubated with nuclear extracts isolated from K562 (lanes 2-4),i|i/.EL (lanes 5-7)

and COS-1 (lanes 8-10) cells. Nuclear extract was omitted from lane 1. The two major

retarded complexes are arrowed. These retarded complexes were competed with a SO-fold

molar excess of the TRE-cons oligonucleotide in seH competition (lanes 3, 6 and 9) but not

with an oligonucleotide containing the ALAS2 TRE-tike sequence (TRE-13) (lanes 4,7 and

10).

B Effect of mutating the TRE-like sequence on ALAS2 promoter expression

The -13 TRE sequence in pALAS-293-LUC was mutated to a PvuII site (cross). This

construct and pALAS-293-LUC were co-transfected with a B-galactosidase expression

construct (pRSV-Þgal) and transiently expressed n K562, MEL and COS-1 cells. The

luciferase activities were standardised relative to B-galactosidase activity and expressed

relative to pALAS-}?3-LUC (set at l00%o). The data are averages obtained from constructs

tested in triplicate in three experiments and are represented as the mean + standard

deviation.
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prem Dwivedi, personal communication) and the GATA-cons probe were included as

positive controls.

The binding protocol reported by Higashino et aI. (1993) used to detect binding of

the ets factor, E1A-F to the adenovirus type 5 EIA enhancer was employed (Section 2.9).

As seen in Fig.5.184, a major retarded protein complex was detected with the ets-110

probe and nuclea¡ extracts isolated from MEL cells (lane 2). In competition experiments,

the protein complex was abolished with a 50-fold molar excess of the ets-110

oligonucleotide in self competition (lane 3) or the GATA-cons oligonucleotide (lane 4) but

was not affected with a 5O-fold molar excess of the ets-CYPz¿ oligonucleotide (lane 5).

Consequently, only binding of GATA-1 to the ets-110 probe was detected.

Control gel shift experiments were performed using the radiolabelled ets-CYPz¿

probe and MEL nuclear extracts. The addition of a 50-fold molar excess of the ets-CYPz¿

oligonucleoúde in self competition abolished the retarded protein complexes, whereas

addition of a S0-fold molar excess of either the ets-110 oligonucleotide or a mutant

homologue of the ets-CYPz¿ oligonucleotide containing a mutation in the core ets DNA

binding site did not affect the retarded protein complexes (data not shown). In conclusion,

gel shift assays were unable to detect binding of nuclear protein(s) to the putative Ets site

(-114l-105) in the ALAS2 promoter.

iÐ Mutational Analysís of ø Putative Ets Bindíng Site

The purative Ets site (-114i-105) was inactivated by mutagenesis

(5'-AGGAAGGGAC-3' to 5'-ACCAAGGGAC-3'), to eliminate a functional role of this

site in the expression of the ALAS2 promoter, and analysed in K562, MEL and COS-I

cells. Expression of the plasmid, pALAS-293mutl3-LUC was similar in comparison to

wild-type when tested inK562, MEL and COS-I cells (Fig. 5.188).
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Figure 5.18 G€l shift and mutational analysis of a putative Ets binding site

(-114l-105) in the ALAS2 promoter

A Gel shift analysis of the -1L0 Ets site

A radiolabelled double-stranded oligonucleoticÍe containing the Ets-like sequence

(-l l4l-105) and the -724 and -100 GATA siæs (ets-110 probe) were incubated with nuclear

extracts isolated from MEL cells (lanes 2-5). Nuclear extract was omitted from lane 1. The

major retarded complex (arrowed) was competed with a 5O-fold molar excess of the ets-110

oligonucleotide in self competition (lane 3), the GATA-cons oligonucleotide (lane 4) and a

Ets binding sequence from the CYP1.4 promoter (lane 5).

B Effect of mutating the -110 Ets site on ALAS2 promoter expression

The -110 Ets sequence in pALAS-Z93-LUC was mutated to a PvUII site (cross). This

construct and pALAS-293-LUC were co-transfected with a p-galactosidase expression

construct (pRsv-pgal) and transiently expressed n K562, MEL and COS-I cells. The

luciferase activities were standardised relative to p-galactosidase activity and expressed

relative to pALAS-Z93-LUC (set at I00Vo). The data are averages obtained from constructs

tested in triplicate in three experiments and are represented as the mean + standard

deviation.
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5.3 DISCUSSION

As described in Section 4.2.1, deletion analysis of the human ALAS2 gene

5'-flanking region demonstrated that the first 300 bp of promoter sequence can direct

strong transient expression in erythroid cells. Sequence analysis of this region revealed

several putative transcription factor binding sites (see Fig.5.1) clustered within the flrst

140 bp. These included GATA and CACCC box motifs which are a feature of the

regulatory regions of many other erythroid-specific genes including human PBGD

(Mignole et a1.,1989b), B-globin (deBoer et al., 1988) and glycophorin B (Rahuel et aI.,

lg92), murine GATA-I (Tsai ¿r a1.,7997) and the EpoR (Zon etaI., 1997) and the rat

pyruvate kinase (Max-Audit et a1.,1993).

Two potential GATA-1 binding sites are centred aI"-124 and -100 with an inverted

palindromic arïangement. Invitro btndtng studies showed that each site bound GATA-I

protein present in erythroid cell nuclear extracts and the functional activity of these sites

was demonstrated by transient expression analysis of mutated promoter constructs in

erythroid cells. Transactivation assays with exogenously expressed GATA-1 in

non-erythroid COS-I cells confirmed the response of each of these sites to G,A.TA-l. The

contribution of the -724 site to ALAS2 expression was moderately greater than that of the

-100 site, consistent with the deviation of the -100 GATA site by a single nucleotide from

the consensus sequence (Merika & Orkin, 7993; Ko & Engel, 1993).

The human ALAS2 and the murine ALAS2 (Schoenhaut & Curtis, 1989) promoters

both lack a canonical TATA box. However, located at -301-23 in the human ALAS2

promoter, there is the sequence 5'-GGATAAAT-3' which binds TBP or GATA-l invitro.

Protein binding reactions performed with purified GST-GATA-I(Ð and TBP indicated that

the afhnities of these proteins for this site were considerably reduced compared with the

consensus sites for these proteins. Conversion of the -301-23 sequence to a consensus

GATA-I binding site, which binds GATA-L in vitro but not TBP, significantly reduced

t¡ansient expression in erythroid cells to 307o of the wild-type. This finding demonstrated

the importance of a functional TATA box and presumably the requirement of the general

transcrþtion factor, TFtrD, in the transcriptional initiation of this gene. Conversion of the

-301-23 sequence to a canonical TATA box, which binds TBP inviffo but not GATA-I,

consistently reduced transient expression in erythroid cells to 70-807o of the wild-type, also

supporting a role for GATA-I in transcriptional initiation. A similar role for GATA-I has
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been proposed for the erythroid-specific human glycophorin B (Rahuel et al., 1992) and

chicken B-globin (Fong & Emerson, 1992) gene promoters which also possess

non-canonical TATA boxes. For the chicken B-globin promoter, there is evidence that

GATA-I bound at the -30 position prevents the assembly of a repressive nucleosome

(Barton et aI., 1gg3) and imparts erythroid cell-specificity through the interaction with

another GATA-1 molecule bound to the 3' enhancer (Fong & Emerson,7992). Perhaps, by

analogy, GATA-I bound to the -27 siæ of the ALAS2 promoter may facilitate

transcriptional initiation invivo by inhibiting nucleosome formation. The minor inhibition

that was observed following conversion of the -27 site to a TATA box in transient

transfection assays is probably attributable to poor nucleosome assembly. The mechanism

by which such bound GATA-I at the -27 site in the ALAS2 promoter, could be replaced by

TFIID invivo is not known but an "initiator-1ike" element (Smale & Baltimore, 1989)

located at +71+12 (5'-TCATTC-3') (see Fig.5.1) may play a role in this process.

Interestingly, initiator elements have been identified in the erythroid promoter of the human

PBGD gene (Beaupatn et aI., 1990) and the promoter of the human B-gtobin gene (Lewis &

Orkin, 1995).

In the ALAS2 promoter, a CACCC sequence at -591-48 was identified which

consists of two overlapping CACCC boxes on the non-coding strand. This sequence is

functionally important for expression since mutagenesis reduced promoter activity in

erythroid cells to 45-60Vo of the wild-type, although the contributions of the two

overlapping CACCC sites remain to be elucidated.

Gel supershift assays demonstrated that the ALAS2 CACCC sequence mimics the

p-globin CACCC box (CrossLey et aI., 7996) and is able to bind not only EKLF but also

Sp1 and BKLF. While fhe in vivo function of these proteins has been difficult to define, a

specific role for BKLF in adult B-globin gene transcription has been established (Bieker &

Southwood, 1995; Donze et al., 1995; Nuez et al., 1995; Perkins et aI., 1995; Wijgerde

et a1.,1996) and an EKlF-responsive CACCC box identified at -941-87 nthe murine adult

p-globin gene promoter (Bieker & Southwood, 1995). Naturally occurring mutations in the

CACCC siæ of the human p-globin promoter result in p-thalassemia (Orkin et aI., t984;

Kulozik et al., l99l; Feng et al., 1994), whereas disruption of the EKLF gene in mice

dramaúcal|y reduces B-globin expression (Nuez et a1.,1995; Perkins et al., 1995; Wijgerde

et aI., 1996). Interestingly, in these embryos a number of erythroid genes with functional
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CACCC sites located within their promoters, including PBGD, are expressed at normal

levels (Nuez et aI., 1995; Perkins et a1.,1995) suggesting that CACCC proteins other than

EKLF can regulate these genes. However, expression of the ALAS2 gene was not examined

in these mice and this is currently under investigation'

Since competition experiments indicated that the two CACCC sites bound EKLF

with a similar affinity, this raised the possibility that EKLF may also regulate expression of

the ALAS2 gene. Transactivation experiments performed in K562 cells, provided support

for this, with the ALAS2 promoter being consistently transactivated approximately 3-fold

by exogenously expressed EKLF (comparable to the 4-fold level observed with the P-globin

promoter) and mutagenesis of the -54 CACCC sequence significantly inhibiæd this

transactivation.

Although mutâgenesis of the CACCC sequence in the ALAS2 promoter reduced

expression (45-60Vo), in other promoters including human PBGD (Frampton et al., 1990)

and glycophorin B (Rahuel et al., 1992), murine GATA-I (Tsai er aI., 1991) and EpoR

(Zon et al., 7991) and the rat pyruvate kinase (Max-Audit et aI., 1993), mutagenesis of a

CACCC element almost abolished expression in erythroid cells. Similarly, mutagenesis of a

nearby GATA siæ in these promoters also markedly reduce expression (Frampton et al.,

1990; Tsai et al., 7991; Zon et al., I99l; Rahuel et aI., 1992 Max-Audit et aI., 1993)

supporting the proposal that proteins binding to the GATA and CACCC sites function in a

co-operative manner. There is also evidence for transcriptional synergism between CACCC

and nearby GATA-1 binding sites based on co-transfection studies performed tn Drosophila

SL2 cells which are devoid of endogenous Sp factors (Merika & Orkin, 1995; Gregory

et a1.,1996).Indeed, the orientation of GATA and CACCC sites can influence whether Spl

or EKLF bind to the CACCC site and functionally interact with GATA-1 (Gregory et al.,

1996).In the present studies, mutagenesis of the GATA and CACCC sites in the ALAS2

promoter reduced but did not abolish expression or provide evidence for a co-operative

interaction between these sites in the promoter. However, future experiments which are

planned in the Drosophila SL2 cell line may shed light on whether there is a synergistic

interaction between the GATA and CACCC sites in the ALAS2 promoter and also the role

of EKLF or Sp1 in the transacúvation of the ALAS2 promoter.

To investigate a possible role for BKLF, similar co-transfection assays were

performed. Exogenously expressed BKLF transactivated the ALAS2 promoter, but not the
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B-globin promoter, n K562 cells containing endogenous BKLF protein. However, BKLF

did not transactivate the ALAS2 promoter through the -54 CACCC site, and attempts to

identify the region through which BKLF functioned were unsuccessful. Exogenously

expressed BKLF also transactivated the Rous sarcoma viral and thymidine kinase

promoters, suggesting that BKLF may affect expression of a variety of promoters. ln

contrâst, exogenously expressed BKLF did not transactivate the plasmid construct,

p(CAC)atk-LUC or the ALAS2 promoter in non-erythroid COS-1 cells. These findings are

in agreement with co-transfection studies performed by Dr. M. Crossley (personal

communication) which have indicated that BKLF may funcúon in co-operation with a

general corepressor protein, where the binding of BKLF to this protein alleviates repression

of a promoter construct. In conclusion, BKLF appears to possess a general function of

transactivating a subset of promoters and is unlikely to be directly involved in the

transcriptional acúvation of the human ALAS2 promoter in vivo.

In addition to GATA and CACCC box sequences, other possible binding sites

including an NF-E2 site, a thyroid hormone response element (TRE) and an Ets site were

identified in the ALAS2 promoter (see Fig. 5.1). These sites were also investigated to

determine their role in promoter expression.

The putative NF-E2 site located at -491-39, contained a mismatch at both

extremities of the 11 bp consensus sequence for NF-E2 (Andrews et al., 1993a) and

partially overlapped the CACCC sequence by two nucleotides. Gel shift assays were

performed with a probe containing the NF-E2 site and one of the CACCC sites but binding

of either AP-l or NF-E2 was not detected with erythroid cell nuclear extracts. However,

the retarded protein complexes that were detected corresponded to the binding of nuclear

proteins to the CACCC site, since the same binding profile was observed with the -54

CACCC probe using the same binding conditions. In addition, nuclear extracts isolated from

COS-I cells transfected with the oDNA expression clones encoding the subunits of NF-E2,

p45 and p18, failed to detect binding of any additional protein complexes compared with

mock-transfected COS-I cell nuclear extracts. Mutational analysis of the NF-tr2 site in the

ALAS2 promoter demonstrated that this siæ was inactive in erythroid cells and expression

was reduced to approximately 78Vo n COS-1 and is probably attributable to binding of

AP-1 to this site as determined by gel shift competition assays.
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hr preliminary transactivation experiments performed in cos-1 cells, overexpresslon

of recombinant NF-E2 protein (p45 and p18) failed to transactivate the ALAS2 promoter.

However, two essential controls were required in these transactivation experiments. These

included the analysis of COS-I nuclear extracts co-transfected with the two ODNA clones

encoding the subunits of NF-E2 (p45 and p18) with a consensus NF-E2 oligonucleotide for

the detection of recombinant NF-E2 binding in gel shift assays. In addition, a promoter

construct containing a functional NF-82 binding site would also be required to demonstrate

the transactivation of this promoter by exogenously expressed NF-82.

In conclusion, the putative NF-E2 site identified in the ALAS2 promoter is probabiy

non-functional in erythroid cells, since mutagenesis of the NF-82 site did not alter

expression in erythroid cells. This finding is in agreement with gel shift compeútion studies

performed by Andrews etal. (1993a) where this sequence failed to inhibit binding of

purified NF-E2 protein to a consensus NF-E2 binding site.

Functional binding sites for NF-82 have been identified in the o- (Strauss et aI.,

7992; Zhang et al., 1995) and B- globin (Talbot et al., 1990; 7991; Ney et al., 1990)

enhancers but are not a common occurrence in erythroid cell-specific promoter sequences.

A functional NF-E2 site has only been identified in the promoter of the human PBGD gene

(Mignotte et al., 1989b) but is not conserved in the murine PBGD gene (Porcher et al.,

1991). Putarive binding sites for NF-E2 have also been identified in the human

ferrochelatase promoter (Tugores et aI., 1994) and in the erythroid-specific enhancer

element located in the promoter of the murine ferritin H subunit gene (Beaumonf et al.,

lgg4b). Therefore it appears that functional NF-E2 sites appear to be restricted to a subset

of erythroid-specific expressed genes.

As described in Section 1.5.4, expression of the v-erbA oncoprotein in chick

erythroblasts can arrest erythroid differentiation and suppress erythroid-specific gene

transcription including the erythrocyte anion transporter band 3, erythroid-specific ca¡bonic

anhydrase II and ALAS2 which are normally upregulated during erythroid development

(Zer;ir'¡e et al., 1983). Interestingly, overexpression of the thyroid hormone receptor as a

gag-c-erbA fusion protein in erythroid cells can also inhibit erythroid differentiation and

erythroid-specific gene transcription in the absence of thyroid hormone. However, this

repression is relieved following the addition of thyroid hormone suggesting a possible role

for thyroid hormone in the regulation in erythroid-specific genes. A thyroid hormone
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response element that also resembles an NF-E2 binding site has been identified in the

erythroid-specific carbonic anhydrase II promoter located at -660 bp from the transcription

initiation site (Disela et al., 1991). This element can confer thyroid hormone dependent

transcriptional regulation to the heterologous thymidine kinase promoter in transient

transfection assâys and the v-erbA oncoprotein can also function through this site (Disela

et a1.,1991).

A putative thyroid hormone response element (TRE) was identified in the 293 bp

ALAS2 promorer located at -2Il-6, adjacent to the -27 GATA site. This element

5,-CCAGGIçCry!\CCCAA-3' shared extensive sequence homology to the palindromic

TRE 5'-TCAGGTCATGACCTGA-3' described by Glass et al. (1988) with only a 5 bp

mismatch. Preliminary gel shift analysis of the putative ALAS2 TRE (-21l-6) incubated with

erythroid nuclear extracts failed to detect the binding of a protein complex to this sequence

compared with the consensus TRE probe. In competition studies, the putative ALAS2 TRE

did not affectthe binding of retarded protein complexes obtained with the consensus TRE

probe.

Mutagenesis of one of the putative ALAS2 TRE hâlf sites did not alter promoter

expression in erythroid cells suggesting that this sequence probably does not function as a

thyroid hormone response element in vivo. These transient transfection studies performed in

erythroid cells assumed that there was sufficient endogenous thyroid hormone receptor, and

thyroid hormone present in the foetal calf serum, to detect an observable effect on

expression following mutagenesis of the TRE. Future experiments would include

co-transfecting the reporter construct with cDNA expression plasmids, encoding either the

0 or B thyroid hormone receptors and supplementing thyroid hormone to medium

containing fetal calf semm strþped of steroid hormones. Consequently, in the absence of

thyroid hormone, expression of the reporter construct would be repressed and then

repression alleviated with the addition of thyroid hormone.

Other regions of the ALAS2 gene which may respond to thyroid hormone through a

thyroid hormone response element may exist and can be investigated in transient

transfection assays. The 5'-flanking ALAS2 promoter/intronic luciferase reporter constructs

described in Section 4.2.2, could be used in the identification of possible thyroid hormone

response elements located in the ALAS2 gene which may be subject to transcriptional

regulation by thyroid hormone.
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An Ets-like sequence located at -114 to -105, between the -I24 and -100 GATA

sites (see Fig.5.1) was identified by its sequence similarity to the enhancer of the

adenovirus type 5 E1A enhancer sequence which binds the ets factor, E1A-F (Higashino

et al., 1993). As described in Section 1.5.5, several lines of evidence have implicated a

possible role for members of the Ets family of transcription factors in erythropoiesis. Studies

performed by Metz and Graf (1991a; 1991b; 1992) demonstrated the requirement for a

functional interaction between v-Ets and v-Myb or v-erbA in the transformation of

erythroblast-like cells, suggesting that they may regulate specific target genes. The Myb-Ets

fusion protein of the }r/.E26 virus is capable of directly transactivating the GATA-1

promorer indicating a possible role in the activation of GATA-1 (Aurigemma et al., 1992).

An interaction between the myeloid expressed MafB protein and c-ets-l via their DNA

binding domains can inhibit erythroid differentiation and repress expression of the

uansferrin receptor gene, cx, and B- globin and PBGD, suggesting a possible mechanism for

repressing erythroid-specific gene expression in myeloid cells (Sieweke et al., 1996).

However, expression of ALAS2 was not examined. Although members of the Maf family of

proteins can heterodimerise with the NF-E2 p45 proæin, the MafB protein does not

heterodimerise with p45 and inhibit erythroid-specific gene expression (Igarashí et al.,

1994).

The association of Ets binding sites with GATA and CACCC box binding sites have

been observed in the tissue-specific enhancer of the erythroid cytosolic glutathione

peroxidase gene (O'Prey et a1.,1993). Functional GATA-1 and Ets binding sites have also

been identified in the promoter of the megakaryocyte-specific human glycoprotein IIB gene

and exogenously expressed c-ets-l and human GATA-1 can transâctivate this promoter in

HeLa cells (Lemarchandel et a1.,1993).

Mutational analysis of the core ets motif GGAA to CCAA in the ALAS2 promoter

did not affect promoter expression in erythroid cells. Examination of the proteins binding to

an oligonucleotide probe encompassing both GATA-I binding sites and the putative -110

Ets site, only detected a single retarded protein complex in gel shift assays. This complex

was effectively inhibited by a B-globin GATA consensus oligonucleotide and corresponded

to GATA-I. Consequentþ, the putative -110 Ets site is probably not funcúonal. However,

this finding does not eliminate the possibility that the ALAS2 gene may be subjected to
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transcriptional regulation by the Ets family of transcripúon factors, since numerous putative

Ets binding sites have been identified throughout the ALAS2 gene.

Northern blot analysis of MEL and K562 cell lines perforrned by O'Prey et al.

(1993) demonstrated that these cell lines express very low levels of ets-l and ets-2 whereas

MEL cells express significant levels of Fti-1 and PU.1. Co-transfection assays could

therefore be performed with ALAS2 5'-flanking/intronic constructs and exogenously

expressed Ets factors in erythroid cell lines which synthesise reduced levels of endogenous

Ets proteins. Such an approach may assist in the identification of "Ets" responsive regions

of the ALAS2 gene. Similar co-transfection assays could be performed with exogenously

expressed MafB and c-ets-l in erythroid cells to examine whether endogenous ALAS2

mRNA is repressed in the presence of these factors, and possibly identify regions of the

ALAS2 gene subjected to transcriptional repression through the use of these ALAS2

reporter constructs. The transfection of erythroid cell lines with ALAS2 reporter constructs

and the availability of cDNA expression clones encoding Ets proteins such as ets-l, ets-Z,

Fti-l or PU.1 provides an excellent model system to investigate further a possible role for

Ets protein(s) in ALAS2 expression.

A putative CCAAT box located at -90/-84 in the ALAS2 promoter was also

identified (see Fig.5.1) and is identical to the consensus sequence for the transcription

factor CPI (Chodosh ¿f a1.,7988). This sequence is also identical (5'-GGCCAAT-3') to the

funcúonal CCAAT box located at approximately -70 in the human (deBoer et a1.,1988) and

murine (Cowie & Myers, 1983) p-globin promoters. Examination of the corresponding

region in the murine ALAS2 promoter revealed a CCAAT-like box. In the present study,

time did not permit a mutational analysis of the putative CCAAT box in the human ALAS2

promoter, but based on its homology with the globin sequence it seems highly likely that it

is functional. This sequence may be responsible for the remaining activity of the transfected

promoter construct in erythroid cells following mutagenesis of both the -124 GATA and

-100 GATA binding sites and the CACCC sequence.

A number of CCAAT-box binding proteins have been identified, which are either

tissue-specific or ubiquitously expressed (Johnson & McKnight, 1989). These include the

ubiquitous factor CP1 (also known as CBF or NF-Y) composed of a heterodimeric complex

of at least three subunits, A, B and C (all necessary for DNA binding) (Kim er al., I996b),

and CiEBPy, which is highly expressed in MEL cells (Wall et a1.,1996).
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Several lines of evidence have demonstrated the functional importance of CCAAT

boxes in the regulation of other erythroid-specific genes. The promoters of both the human

embryonic ( globin (Watt et al., 1990) and p-globin (deBoer et al., 1988) genos and the

murine EKLF gene (Cros sley et at., 1994a) all contain functional GATA sites and CCAAT

boxes that are essential for erythroid-specific transcriptional activation. However, a physical

association of the proteins.binding to these sites has not been reported. Interestingly, the

CCAAT box binding protein BB1, is essential for repression of murine B-globin gene

transcription in undifferentiated MEL cells (Macleod & Plumb, 1991). A number of

naturally occurring mutations in the distal CCAAT box of the y-globin gene promoter have

been identified in patients with Hereditary persistence of fetal hemoglobin (HPFH) resulting

in continued expression of the y-globin gene in the adult (Katsube & Fukumaki, 1995),

highlighting the functional significance of CCAAT box binding proteins in globin gene

transcription. Marziali et at. (1997) demonstrated that the ferritin H-gene promoter contalns

a functional CCAAT binding site for CPIiNF-Y which is required to sustain ferritin H-gene

transcription by heme.

The studies described in this chapter exarnined the role of a number of putative

transcription binding sites in ALAS2 promoter expression by transient transfection studies

performed in uninduced erythroid cells. However, expression of the ALAS2 gene is

significantly transcriptionally upregulated in erythroid cells induced to differentiate.

Therefore to determine whether the functional GATA-I and CACCC box binding sites are

also major contributors to ALAS2 promoter expression, ALAS2 promoter constructs with

these mutated sites could be stably transfected into erythroid cells, induced to differentiate

and expre.ssion examined. This system would also permit an examination of gene regulation

under more physiological conditions with proper chromatin assembly. These studies are

planned for the future.

All of the eight enzymes of the heme biosynthetic pathway have now been cioned

(May et al., 1995; Taketani et aI., 1995). The large requirement for heme during

erythropoiesis in contrast to non-erythroid cells, may have necessitated the evolution of

distinct transcriptional regulatory processes for the expression of these genes in erythroid

cel|s. To higtriight this, there are two genes encoding the rate-limiting ALAS enzyme, the

housekeeping gene and the erythroid gene and these are located on different chromosomes

(Sutherland e1a1.,1988; Cox et a1.,1990; Bishop et a\.,1990). As expected, the promoter

161



architecture of the housekeeping gene is different from that of the erythroid gene and

contains multþle binding sites for the ubiquitous transcription factors, Spl and NRF-I

(Braidotti et al., 1993). As described in this chapter, the ALAS2 promoter contains

functional binding sites for GATA-I and CACCC box binding proteins which are a common

feature of many erythroid cell expressed genes (deBoer et a1.,.1988; Mignotte et al., 1989b;

Tsai ¿r aI.,I99l;Zon et al.,l99I; Rahuel et a1.,7992; Max-Audit et a1.,1993).In contrast

to ALAS, there is only one structural gene for the other enzymes of the heme pathway and

these have either a composite promoter which contains binding sites for both ubiquitous and

erythroid-specific transcription factors (May et aI., 1995; Taketani et aI., 1995) or,

alternatively, two separate promotors, one with a housekeeping function and the other that

is erythroid cell-specific, including the human ALAD and PBGD genes (Kaya et al., 1994;

Chretien et al., 1938). Functional sites for GATA-I, NF-E2 and CACCC box binding

proteins have been characterised in the erythroid promoter for human PBGD (Mignotte

et al., 1989b), although the NF-E2 site is absent from the corresponding murine PBGD

promoter (Porcher et aI., 1991). Binding siæs for GATA-I, NF-E2 and CACCC box

binding proteins have also been identified in the promoter of the human ferrochelatase gene,

which is transcribed from a single promoter in both erythroid and non-erythroid cells

(Tugores et aI., 1994). These studies, together with the information on globin gene

expression (reviewed by Orkin, 1995a), confirm that there is likely to be only a small

number of erythroid cell-specific factors that act in a combinatorial fashion to ensure the

coordinated regulation of heme and globin synthesis during erythropoiesis.
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CHAPTER SD( : CHARACTERISATION OF AN ERYTHROID-SPECIFIC

ENHANCER LOCATED WITHIN INTRON 8 OF THE HUMAN ALAS2 GENE

6.I INTRODUCTION

Transient expression studies described in Section 4.2.2, demonstrated that intron 8

of the human ALAS2 gene was capable of increasing expression of both the human ALAS2

promoter and the thymidine kinase promoter in erythroid cells and this activity

corresponded with a DNase I hypersensitivity site located in this intron in the murine

ALAS2 gene (Schoenhaut & Curtis, 1989). Studies described in this chapter, further

investigare the erythroid-specific enhancer activity identified within the human ALAS2

intron 8 sequence. As shown in this chapter, sequence comparison of intron 8 of the hurnan,

murine and canine ALAS2 genes identified extensive sequence conservation. Transient

transfection studies described in this chapter demonstrate that the corresponding fragment

from the murine intron 8 region is also transactivated the thymidine kinase promoter in

erythroid cells only.

To localise the enhancer activity within the human intron 8 sequence, a series of

ALAS2 intron 8 deletion constructs were synthesised and examined in transient expression

studies in the erythroid K562 cell line. The elements responsible for the erythroid-specifi.c

enhancer activity of intron 8 in erythroid K562 and MEL cell lines, were identified by

mutational analysis and the identity of the proteins binding to these sites determined by gel

shift assays.

6.2 RESULTS

6.2.1 Conservation of ALAS2Intron I Sequence

A detailed comparison of the intron 8 sequence from the human and murine ALAS2

genes was performed based on the correlation between a DNase I hypersensitive site in

intron 8 of the murine ALAS2 gene (Schoenhaut & Curtis, 1989) and the enhancer function

of intron 8 of the human ALAS2 gene as described in Section 4.2.2. Intron 8 sequence from

the canine ALAS2 gene was also available through the canine genome rnapping project. A

comparison of sequence across all three species was performed and is shown in Fig.6.1
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(Cox, 1993). This comparison revealed extensive sequence conservation between all three

at the 5' end, and between the human and canine sequences with the 3' end of the murine

inrronS sequence (seeFig.6.1, nucleotides 545 to 1150 inthe ALAS2intron 8 sequence).

The murine intron 8 contains additional5' sequence (Fig. 6.1, nucleoúdes 21 to 541) which

is not present in the human or canine intron 8 sequences and exhibited sequence similarþ to

a murine-specific repetitive element (Cox, 1993). Therefore the insertion of this element is

thought to have post-dated the divergence of the murine, canine and human lineages. Of

particular note in the int¡onic sequence similarity (see Fig. 6.2A), is the complete

conservarion of rwo purative GATA-I binding siæs (902-907,936-941) and one CACCC

box binding site (884-893), and a less conserved CACCC sequence (817-829) present in all

three species.

It was of interest to investigate whether intron 8 in the murine ALAS2 gene could

also confer erythroid-specific enhancer activity, as seen with the human gene; a 330 bp

intron 8 fragment containing these conserved binding sites, was ligated in the reverse

orientation upstream of the thymidine kinase promoter (ptk-mI8(330)R-LUC) as described

in Section 2-4.2. This construct was co-transfected with pRSV-Bgal and transiently

expressed inK562, MEL and COS-1 cells as described in Section 2.6.

As described in Section4.2.2, a 460bp human ALAS2 intron8 fragment in the

reverse orientation transactivated the thymidine kinase promoter 4 and 2 -fold in K562 and

MEL cetls, respectively. Similarly, the murine ALAS2 intron 8 fragment oriented in the

same direction, transactivated the thymidine kinase promoter 7 and 2 -fold in K562 and

MEL cells, respectively, and only 1.2-fold in COS-1 cells (Fig. 6.28). Therefore the

corresponding region from the murine ALAS2 gene also contains comparable trans-acing

activity.

6.2.2 Localisation of Erythroid-Specific Enhancer Activity to a 235 bp Fragment

Within ALAS2Intron 8

To idenúfy the functional control elements within human ALAS2 intron 8

responsible for enhancer activity in erythroid cells, a series of intron 8 deletion constructs

were synthesised. Different lengths of the intron ranging from 460bp to 115bp, were

generated by the polymerase chain reaction and cloned in the natural orientation in the
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Figure 6.1 Comparison of the intron I sequences from the human, murine and

canine ALAS2 genes

Alignment of the ALAS2 intron 8 nucleotide sequence from the human, murine and canine

genes. Regions of sequence homology are shaded. Conserved putative GATA and CACCC

box binding siæs and non-conserved GATA sites are boxed. Two non-conserved putative

GATA motifs in the human ALAS2 intron 8 sequence are also boxed.
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Figure 6.2 Sequence comparison of highly conserved CACCC boxes and GATA

sites within intron I and transient expression analysis of a murine intron I fragment

containing these sites

A Comparison of rwo CACCC box sequences and two GATA-1 binding siæs identified

within intron 8 that are highly conserved between the human, murine and canine ALAS2

genes.

B The construct, ptk-mInt8(330)R-LUC containing a 330 bp fragment of murine

ALAS2 intron 8 sequence ligated upstream of the thymidine kinase promoter and ptk-LUC

were co-transfected with pRSV-Bgal and transiently expressed lri'K562, MEL and COS-1

cells. The normalised luciferase activities are expressed relative to ptk-LUC assigned a value

of 1.0. The data are averages obtained from constructs tested in quadruphcate in at least

three experiments and are represented as the mean t standard deviation. The transactivation

of the thymidine kinase promoter by the human ALAS2 intron 8 fragment is also shown. The

orientation of the ALAS2 intron 8 fragment is indicated by the arrow.
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ptasmid pALASp-LUC as described in Section 2.4.3. The restriction sites used to generate

the deletion fragments of human intron 8 and the putative GATA and CACCC box sites are

indicated in Fig.6.3A. The erythroid K562 cell line was chosen for the testing of these

intron 8 deletion constructs since the intron 8 enhancer activity was greater in these

transiently transfected cells compared with MEL cells. These ALAS2 intron 8 deletion

consrrucrs, rhe plasmid pALASp-Int8(460)-LUC containing 460 bp of intron 8 sequence

and the Z93bp ALAS2 promoter plasmid pALASp-LUC were co-transfected with the

pRSV-p-gal in K562 cells and assayed as previously described. Expression of these intron 8

deletion constructs were then compared to the plasmid, pALASp-Int8(460)-LUC'

As seen in Fig. 6.3B, constructs containing 400 bp (pALASp-Int8(400)-LUC) and

235bp (pALASp-Int8(235)-LUC) of ALAS2 intron 8 sequence, transactivated the human

ALAS2 promoter approximately 11.5 and 72.9 -fold, respectively, in K562 cells compared

with 12-fbld obtained with 460 bp of intron 8 sequence (pALASp-Int8(460)-LUC). These

findings demonstrate that the full enhancer activity is located within 235 bp of ALAS2

intron 8 sequence. However, deletion of a 120 bp fragment (containing a CACCC-like

sequence) from the 5' end of the 400 bp intron 8 sequence (pALASp-Int8(279)-LUC),

reduced the level of transactivation to 3.2-fold in K562 cells (Fig. 6.38). In contrast, the

3' end of intron 8 sequence containing two putative GATA-I binding sites

(pALASp-IntS(177)-LUC) did not affect expression (Fig. 6.38).

't\e 235 bp intron 8 fragment that contained full enhancer activity was divided into

two smaller fragments of l20bp and 115bp. However, 120bp of intronS sequence

(pALASp-Int8(120)-LUC) did not transactivate the ALAS2 promoter (Fig. 6.38). The

plasmid consrruct pALASp-Int8(l15)-LUC containing two putative GATA-1 binding sites

in intron 8 that are evolutionary conserved and a conserved CACCC box, transactivated the

ALAS2 promoter approximately 2.3-fold in K562 cells (Fig. 6.38). These results

established thar the erythroid-specific enhancer activity of the 235 bp fragment is

significantly reduced when this fragment is divided into two regions of 120 bp and 115 bp,

suggesting that there may be a cooperative interaction between proteins binding to these

sites within these two regions.
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Figure 6.3 Deletion analysis of the human ALAS2 intron I enhancer

A Nucleotide sequence and restriction map of the human ALAS2 intron 8 sequence.

The polymerase chain reaction was employed to generate deletion fragments of intron 8

sequence (from 460 bp to 115 bp). The native and introduced (asterixefl restriction sites a¡e

indicated. The orientation of the primers used in the polymerase chain reaction are depicted

by the direcúon of the arrow. The putative GATA-I binding sites and the CACCC sites in

intron 8 are boxed.

B A series of human ALAS2 intron 8 deletion constructs and the plasmid

pALASp-LUC, containng}g3 bp of ALAS2 promoter were co-transfected with pRSV-BgaI

and transiently expressed in K562 cells. Luciferase activities were standardised relative to p

-galactosidase activity as an internal control. The normalised luciferase activities are

expressed relative to pALASp-LUC assigned a value of 1.0. The data are averages obtained

from constructs tested in quadruplicate in at least three experiments and are represented as

the mean t standard deviation.
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6.2.3 Identifïcation of Functional Control Elements in Human ALAS2Intron 8

Sequence analysis of the 235bp enhancer of intronS (see Fig.6.3A, PstI-SalI

fragment), revealed two putative CACCC box binding sites and two putative GATA sites

located on the non-coding strand (see Fig. 6.34). InterestinglY, two corresponding GATA

sites, designated GATA site A and GATA site B, were identified in the murine and canine

inrron 8 sequences (see Fig. 6.2A and Fig. 6.44). Also, the two putative CACCC boxes

identified in the human sequence were present in the corresponding regions of the murine

and canine intron 8 sequences (see Fig.6.2A and Fig. 6.4A). The first CACCC site

designated CACCC site A was partially conserved whereas the second CACCC site,

CACCC site B was identical in sequence in all three species (Fig. 6-41-).

The functional contributions of the conserved GATA-I and CACCC box binding

siæs identified in the human intron 8 sequence (Fig. 6.a) were investigated by mutating

these sites individually or in various combinations in the plasmid pALASp-Int8(235)-LUC

as described in Section 2.4.4. These mutant constructs and the plasmid pALASp-

InIS(235)-LUC containing the wild-type intron 8 sequence, were co-transfected with

pRSV-Bgal and transiently expressed in K562 and MEL cells as described in Section 2.6.

The relative luciferase activities of the constructs were expressed relative to

pALASp-Int8(235)-LUC, assigned a value of 100Vo.

As seen in Fig. 6.48, mutagenesis of CACCC site A in intron 8 (pALASp-

mutl-LUC), substantially reduced expression of the enhancer n K562 and MEL cells to

3l% and 47Vo, respectively, relative to wild-type. Similarly, mutagenesis of CACCC site B

in intron 8 (pALASp-mut2-LUC) reduced enhancer activity in K562 and MEL celIs to 43Vo

and 58Vo, respectively (Fig. 6.aB). Inactivation of both these CACCC sites

(pALASp-mut5-LUC) further reduced expression to ZIVo and 35Vo, respectively.

Interestingly, the conserved GATA site A did not contribute to enhancer activity as

indicated by mutagenesis of this site (pALASp-mut3-LUC), and in fact activity was

marginally increased to llg%o and 122Vo in K562 and MEL cells, respectively (Fig. 6.aB).

The non-functional contribution of this site was confirmed by a double mutation of

GATA site A with CACCC site A which expressed at 49% of the wild-type level in K562

cells (pALASp-mut6-LUC) and a marginal increase in expression of the enhancer was again

observed following mutagenesis of the GATA site A. In comparison, GATA site B was

important for enhancer activity since mutagenesis of this site alone (pALASp-mut4-LUC)
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Figure 6.4 Effect of mutating conserved CACCC boxes and GATA sites on human

ALAS2 intron 8 enhancer activity

A Sequence comparison of putative CACCC box and GATA-1 binding sites identified

within the 235 bp human ALAS2 intron 8 enhancer with the murine and canine ALAS2

intron 8 sequences. These sites are designated as CACCC site A and CACCC site B, and

GATA site A and GATA site B, respectively. The orientation of these sites (arrowed) and

the approximate spacing between each of these siæs are indicaæd.

B CACCC site A, CACCC site B, GATA site A and GATA site B were each mutated

to a PvuII site represented by a cross in the 235 bp fragment of the human ALAS2 intron 8

enhancer and ligated upstream of the 293 bp ALAS2 promoter. Constructs containing the

mutared CACCC site A and CACCC site B (ptk-mut1-Luc) or mutated CACCC site A and

GATA site B (ptk-mut2-Luc) in the 235 bp fragment of the human ALAS2 intron 8

enhancer were also tigated upstream of the thymidine kinase promoter. These constructs

were co-transfected with the B galactosidase expression construct, pRSV-Bgal and

transiently expressed n K562 and MEL cells. The normalised luciferase activities of the

mutânt constructs are expressed relative to pALASp-Int8(235)-LUC containing 235 bp of

wild-type intron 8 sequence ligated upstream of the 293 bp ALAS2 promoter or

ptk-Int8(460)-LUC containing 460 bp of wild-type human ALAS2 intron 8 sequence,

respectively, (set at 100Vo). The data are averages obtained from constructs tested in

quadruplicate in at least three experiments and are represented as the meân + standard

deviation. ND (not determined) corresponds to those constructs not tested in a particular

cellline.
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reduced expression in K562 and MEL cells to 36Vo and 45Vo, respectively. Mutagenesis of

borh CACCC site A and GATA site B (pALASp-mut7-LUC) significantly reduced

expression inK562 and MEL cells to J7o and 2l%o, respectively, thus severely inhibiting the

ability of intron 8 to transactivate the ALAS2 promoter.

The effect of these mutations introduced into intron 8, on confening

erythroid-specific enhancer activity to the heterologous thymidine kinase promoter was also

examined. A235 bp intron 8 fragment containing mutations in both the CACCC site A and

CACCC site B or CACCC site A and GATA site B was ligated upstream of the thymidine

kinase promoter. Expression of these mutant constructs were determined and expressed

relarive ro the plasmid ptk-Int8(460)-LUC containing 460 bp wild-type intron 8 sequence,

since deletion analysis had demonstrated that the 235 bp intron 8 fragment functioned as

efficiently as the 460 bp fragment. As seen in Fig. 6.48, mutagenesis of CACCC site A in

combination with CACCC site B (ptk-mut1-Luc) reduced enhancer activity in K562 and

MEL cells r.o 62Vo and 34Vo, respectively, relative to wild-type. Inactivation of both

CACCC site A and GATA site B (ptk-mut2-Luc) almost abolished the enhancer activity in

these cells (Fig. 6.aB). These studies therefore establish that proteins binding to the

CACCC sites A and B and the GATA site B contribute substantially to the erythroid-

specific enhancer activity located within intron 8, with a possible cooperative interaction

between the proteins binding to these sites.

6.2.4 GATA-I Protein Binds to the Erythroid-specific Enhancer in Human ALAS2

intron I

As discussed above, there are two putative GATA sites, A and B which are

conserved between the human, canine and murine ALAS2 intron 8 sequences (Fig. 6.4.{)

and located in the 235 bp enhancer region of human ALAS2 intron 8. Both of these sites are

identical in the core sequence 5'-AGATAG-3', located on the non-coding strand, and

conform to the consensus GATA-I binding site (Merika & Orkin, 1993; Ko & Engel,

lgg3). However, mutational analysis of these GATA sites inferred that only GATA site B

was important for enhancer activity in transiently transfected erythroid cells. The binding of

nuclear proteins to both of these sites w¿ts investigated using GATA site A and

GATA site B probes (Section 2.1.1) in gel shift assays with nuclear extracts from K562,
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MEL and COS-1 cells and COS-1 cells expressing recombinant murine GATA-1

(Section 2.g). A B-globin GATA-I consensus sequence (GATA-cons) was included as a

control probe (Wall et a1.,1988).

As seen in Fig. 6.5, a major retarded complex was obtained with the GATA site B

probe (lanes 6 and 7) using nuclear extracts from K562 and MEL cells. A complex of the

same mobility was derected with the GATA site A probe (lanes I and 2) although the

intensity was reduced (Fig. 6.5). The major retarded protein complex was also observed

with all three probes using nuclear extracts from COS-I cells expressing recombinant

murine GATA-I (lanes 4,9 and 11) but was not detected with nuclear extracts from

mock-transfected COS-1 cells (lanes 3 and 8). This major retarded protein complex was

confirmed immunologically as GATA-I, since it was substantially supershifted with the

GATA-I monoclonal antibody, N-6 (Ito et al., 1993) (lanes 5, 10 and 12). These results

demonstrate that both GATA sites A and B within intron 8, can bind GATA-I invitro bu

only GATA site B is important in enhancer function as determined by mutational analysis.

6.2.5 Gel Shift Analysis of CACCC Sites Located Within Human ALAS2 Intron 8

As described in Section 5.2.2, several transcription factors bind inviffo to CACCC

boxes, including Sp1 (Kadonaga et al., 1987), Spl-related proteins (Kingsley & Winoto,

lgg1), CAC C and CAC D (Hartzog & Myers, 7993), BKLF (Crossley et aI., 1996) and

EKLF (Miller & Bieker, 1993). Gel shift assays were performed with radiolabelled probes

containing either CACCC site A and CACCC site B (Section 2.I.1) to investigate nuclear

protein binding ro these sites. The CACCC site from the murine adult B-globin prornoter

which binds EKLF, BKLF and Sp1 invitro (Crossley et a1.,1996) (B-globin CACCC) and

an Spl consensus sequence (Spl-cons) were included as control probes.

The binding of nuclear proteins to the CACCC site A and CACCC site B probes

with nuclear extracts from K562 and MEL cells was extremely weak. Therefore in order to

visualise the retarded complexes binding to these probes, these gel shift assays were

exposed for a longer period compared with gel shift assays performed with the control

probes. As a result, it is very difficult to see the retarded complexes obtained with the

CACCC site A and CACCC site B probes due to the high background. A major slow

mobility complex was observed with both CACCC site A and CACCC site B probes using
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Figure 6.5 Gel shift analysis of the GATA sites in the human ALAS2 intron 8

Radiolabelled double-stranded oligonucleotides containing the GATA site A (GATA-A

probe) and GATA siæ B (GATA-B probe) and a consensus GATA-1 binding site

(GATA-cons) were incubated with nuclear extracts from K562 (lanes 1 and 6), MEL

(lanes 2 and 7) and COS-1 (lanes 3 and 8) cells and COS-I cells expressing recombinant

GATA-I (lanes 4 and 5, 9-72). For supershift assays, the GATA-I monoclonal antibody,

N-6, was added to nuclear extracts from COS-1 cells expressing recombinant GATA-I

(lanes 5, 10 and 12) prior to the addition of probe. The retarded complex conesponding to

GATA-1 in the absence of antibody and the supershifted complex are indicatedby arrows.
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nucleâr extracrs from K562 (Fig. 6.6A,lanes 1 and 9) and MEL (lanes 4 and 12) cells. This

complex contained Sp1 and probably Spl-related proteins since it was completely

supershifted with the Spl antibody (lanes 3,6 and 11). In contrast, this slow migrating

complex was not observed with the CACCC site A probe (lane 7) and CV-1 nuclear

extracts expressing recombinant EKLF but was detected with the CACCC site B probe,

although the intensity was markedly reduced (and difficult to see in Fig' 6.6{,lane 14).

These f,rndings and gel shift experiments described in Section 5.2.2 (see Fig. 5'8)

suggested that the level of Spl was reduced in nuclear extracts isolated from CV-1 cells

compared with erythroid cells. To investigate this further, gel shift assays were performed

with the Spl-cons probe and K562 and CV-1 nuclear extracts. As seen in Fig. 6.6B, the

level of the slow migrating complex (confirmed immunologically as Sp1), detected with the

Spl-cons probe was more abundant in K562 cells (lane 6) cornpared with both CV-l cells

(lane 8) and CV-1 oells expressing recombinantEKLF (lane 10).

In addition to rhe binding of Spl to the CACCC site A and CACCC site B probes,

major more rapidly migrating complexes were also detected with both the CACCC site A

and CACCC site B probes and MEL cell nuclear extracts (Fig. 6.64, lanes 4 and 12). One

of these complexes is thought to correspond to the binding of BKLF, since it was partially

inhibited with an antibody to BKLF (but unfortunately this is not visible in Fig. 6.64, lanes

5 and 13). However, the identity of the protein complex which migrated faster than Spl is

unknown since it was unaffected by antibodies to Sp1 or BKLF.

To investigate whether the CACCC site A and CACCC site B probes were capable

of binding EKLF protein, the B-globin CACCC probe that binds EKLF was included as a

control, and all of these probes incubated with nuclear extracts from CV-1 cells expressing

recombinant EKLF. As seen in Fig. 6.68, a complex of high mobiJity was observed only

with nuclear extracts from cells expressing recombinant EKLF and the B-globin CACCC

probe (lane 4) and was confirmed as EKLF using an EKLF antibody (lane 5). However, the

corresponding complex was not detected with either the CACCC site A (lane 7) or

CACCC site B (lane 14) probes.

In conclusion, the data demonstrate that the CACCC site A and CACCC site B

probes displayed a weak binding affinity for Sp1 in comparison to the B-globin CACCC site

or a Sp1 consensus sequence. Although these sequences exhibit an extremely weak binding
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Figure 6.6 Gel shift analysis of CACCC sites A and B in the human ALAS2

intron I

A Radiolabelled double-stranded oligonucleotides containing the CACCC site A

(CACCC-A probe) and CACCC site B (CACCC-B probe) were incubated with nuclear

extracts from K562 (lanes t-3,9-11) and MEL (lanes 4-6, 12 and 13) cells, and CV-l cells

expressing recombinantEKLF (lanes 7 and 8, 14 and 15). For supershift assays? anti-BKLF

(lanes 2, 5, 70 and 13), anti-Spl (lanes 3, 6 and 11) and anti-EKLF (lanes 8 and 15)

antibodies were added prior to the addition of probe. The complex corresponding to Sp1 is

indicated by the arrow.

B The radiolabelled B-globin CACCC probe was incubated with nuclear extracts

prepared from MEL cells (lanes 1-3) and CV-l cells expressing recombinant EKLF (anes 4

and 5). Antibodies specific to BKLF (lane 2), Spl (lane 3) and EKLF (lane 5) were added

prior to the addition of the radiolabelled p-globin CACCC probe. The radiolabelled

Spl-cons probe was incubated with nuclear extracts from K562 (lanes 6 and 7) and CV-l

(lanes 8 and 9) cells and CV-l cells expressing recombinantEKLF (lanes 10 and 11). For

supershift assays, an anti-Spl antibody (lanes '7 ,9 and 11) was added prior to the addition of

probe. The retarded complexes corresponding to Spl, BKLF, EKLF and an unknown

protein (?) are arrowed.
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affinity for BKLF (difficult to see in Fig.6.6A), the binding of EKLF to either

intron 8 CACCC site was not detected.

A series of competition experiments were performed to investigate whether the

human inrron 8 CACCC site A or CACCC site B sequences were capable of inhibiting the

binding of protein complexes to either the P-globin CACCC box or a Sp1 consensus

sequence. Competition experiments performed with the B-globin CACCC probe and nuclear

exrracts from K562 cells (Fig. 6.7 A) showed that the binding of nuclear proteins was

effectively inhibited with a 10-fo1d molar excess of the p-globin CACCC oligonucleotide in

self competition (lane 2) but a 200-fold molar excess of the CACCC site B oligonucleotide

(lane 11) was required to inhibit binding. However, a 200-fold molar excess of the

CACCC site A oligonucleotide (lane 7) very weakly competed for binding of protein

complexes to the B-globin CACCC box, in comparison to a 200-fold molar excess of a

non-specific competitor oligonucleotide (lane 1 2).

Similar competition experiments were performed using the Spl-cons probe and

nuclear extracts isolated from K562 cells. As seen in Fig. 6.78, the binding of the major

slowly migrating complex (lane 1) was moderately inhibited with a lO-fold molar excess of

the Spl-cons oligonucleotide in self competition (lane 2) but a 200-fold molar excess of

either rhe CACCC site A oligonucleotide (lane 6) or the CACCC site B oligonucleotide

(lane 11) was required for a simila¡ level of inhibition. There wâs no effect with a

non-specific competitor oligonucleotide at a 200-fold molar excess (lane 7).

Competition experiments were also performed with the CACCC site B probe and

nuclear extracts from MEL cells. The binding of nuclear proteins to the CACCC site B

probe was inhibited with a 25-fold molar excess of the CACCC site B oligonucleotide in

self compeútion and in comparison, a 50-fold molar excess of the CACCC site A

oligonucleotide was required for a similar level of inhibition. However, a 25-fold molar

excess of the B-globin CACCC oligonucleotide completely abolished the retarded protein

complexes and there was no effect with a 200-fold molar excess of a non-specihc

competitor oligonucleotide (data not shown).

In conclusion, gel shift analysis of the two CACCC sites identified in the human

ALAS2 intron 8 sequence, demonstrated the binding of Spl or an Sp1-related protein and

the possible binding of BKLF. However, the binding atrinity of Spl to either site was
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Figure 6.7

assay

Oligonucleotide competition for CACCC binding proteins in a gel shift

A The radiolabelled B-globin CACCC probe was incubated with nuclear extracts from

K562 cells (lanes I-12). The retarded complexes were competed with a 10 and 50 -fold

molar excess of the p-globin CACCC oligonucleotide in self competition (lanes 2 and 3), a

25, 50,100 and 200 -fold molar excess of the CACCC-A (lanes 4-7) and CACCC-B (lanes

8-11) oligonucleotides and a 200-fold molar excess of a non-specific (NS) competitor

(lane 12). The retarded complexes corresponding to Sp1, BKLF and an unknown protein (?)

aÍe arrowed. ht additional retarded complex (asterixed) was observed in these competition

experiments and co-migrated with BKLF but its identity is unknown.

B The radiolabelled Sp1-cons probe was incubated with nuclear extracts from K562

cells Qanes 1-11). The retarded complexes were competed with a l0-fold molar excess of

the Spl-cons oligonucleotide in self competition (lane 2), a25,50,100 and 200 -fold molar

excess of the CACCC-A (lanes 3-6) and the CACCC-B (lanes 8-ll) oligonucleotides and a

200-fold molar excess of a non-specific (NS) competitor (lane 7).
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considerably reduced in comparison to that observed with the murine B-globin CACCC box

or the human ALAS2 -54 CACCC sequence (as shown in Fig. 5.8)

6.2.6 Attempts to Transactivate the Erythroid-specifÏc Intron I Enhancer in

Non-Erythroid Cells

Mutational analysis demonstrated that only one of the two GATA-1 binding sites

and both CACCC box binding sites were important for the erythroid-specific enhancer

acúvity of intron 8. However, gel shift analysis of the two CACCC boxes only detected

binding of Spl or Spl-related proteins with the possible binding of BKLF to both sites but

not EKLF. As described in Secti on 4.2.3, co-transfection studies were performed in COS-I

cells with exogenously expressed murine GATA-I to investigate whether the inactivþ of

the intron 8 enhancer in non-erythroid COS-I cells was solely attributable to the absence of

endogenous GATA-1 protein. Although the human ALAS2 promoter was transactivated by

GATA-I in COS-1 cells, no additional expression was observed with the inclusion of the

human intron 8 sequence (pALASp-Int8(460)-LUC) (as described in Section 4.2.3). A

similar result was obtained from GATA-I transactivation assays performed in the parental

CV-1 cetl line from which COS-I cells are derived (data not shown). These findings

suggested the possible involvement of other transcription factors, either binding specifrcaliy

to rhe two functional CACCC sites within intron 8 or to additional but as yet unidentified

sites located elsewhere within the235 bp intron 8. It is possible that these additional factors

are required to achieve full enhancer activity in non-erythroid cells. The inability to activate

intron 8 in COS-1 or CV-1 cells may be attributable to the relatively low levels of

endogenous Sp1 protein in comparison to erythroid K562 cells (see Fig. 6.68, compare

lane 6 with lane 8) and this may be insufficient to cooperate with exogenously expressed

GATA-1. Alternatively, an erythroid-specific CACCC box binding protein or an Sp1-related

protein may be required that is not expressed in the kidney cell line examined and these

possibilities are discussed further in Section 6.3'

To investigate whether the erythroid-specific CACCC box binding protein, EKLF,

may be involved in the creation of the erythroid-specific intron 8 enhancer, EKLF

transactivation experiments were performed. Preliminary co-transfection assays were

performed with the plasmid pALASp-Int8(235)-LUC and exogenously expressed murine
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EKLF and GATA-I in cos-1 and cv-l cells. However, exogenously expressed EKLF

failed to transactivate the positive control plasmid, p(CAC)¿tk-LUC' Therefore

transactivation assays were performed in K562 cells as described in Section 5'2'2, to

determine whether EKLF could transactivate sequences located within intron 8.

As seen in Fig. 6.8, exogenously expressed EKLF transactivated the ALAS2

promoter (pALASp-LUC) 4.4-fold n K562 cells, while the construct pALASp-Int8(235)-

LUC containing an additional 235 bp of intron 8 sequence was also transactivated to the

same extent, demonstrating the inability of EKLF to transactivate the intron 8 enhancer.

This finding is in agreement with gel shift studies performed on the two functional CACCC

sites located within intron 8 which failed to detect the binding of recombinant EKLF protein

to either site.

6.2.7 Intron I Enhancer Activity is not Modulated by a Non-Canonical TATA Box

As described in Section5.2.1, the ALAS2 promoter contains a non-canonical TATA

box that binds either GATA-1 or TBP invitro. As described earlier, there is evidence that

GATA-I bound to the 3'enhancer of the chicken B-globin gene interacts with GATA-I

bound to a non-canonical TATA box in the promoter, imparting an erythroid-specihc

enhancer activity to transcription initiation (Fong & Emerson, 7992). A similar interaction

between ALAS2 intron 8 and the non-canonical TATA box in the ALAS2 promoter may

also occur. To investigate this, the plasmid construct pALASt-Int8(460)-LUC, was

synthesised in which 460 bp human ALAS2 intron 8 fragment was ligated upstream of the

ALAS2 promoter containing a consensus TATA box as described in Section 2-4.2. Ttrís

plasmid and pALASp-Int8(460)-LUC were transiently expressed in K562, MEL and COS-I

cells.

As previously described in Sectior 4.2.2, intron 8 transactivated the native ALAS2

promoter (pALASp-Int8(460)-LUC) 12.5 and 4.2 -fold in K562 and MEL cells,

respectively. In comparison, intron 8 transactivated the promoter containing a consensus

TATA box (pALASt-Int8(460)-LUC) 15 and 3 -fold in K562 and MEL cells, respectively,

bur not in COS-I cells (Fig. 6.9). These findings indicate that a functional GATA-I site at

the TATA box location is not required for the enhancer activity of intron 8 invifto.This
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Figure 6.8 EKLF does not transactivate the human ALAS2 intron 8

The constructs p(CAC)4tk-LUC, ptk-LUC, pALASp-LUC, pALASp-Int8(460)-LUC and

pGl2-Basic were co-transfected with the EKLF oDNA expression clone, pSG5/EKLF in

K562 cells and luciferase activities determined. The orientation of the intron 8 fragment is

indicated by the arrow. The data are averages obtained from constructs tested in

quadruplicate in three experiments and are represented as the mean + standard deviation.

The plasmids ptk-LUC and pGl2-Basic were included as controls for transactivation by

EKLF, assigned a value of 1.0 and transactivation of the plasmid constructs by EKLF

corrected for background.
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Figure 6.9 Intron I enhancer activity is not modulated by a non'canonical TATA

box

The human ALAS2 intron 8 was ligated upstream of the 293bp ALAS2 promoter

containing a canonical TATA box at -27 GNIA siæ (boxed) (pALASt-Int8(460)-LUC).

This plasmid and pALASp-Int8(460)-LUC containing the native ALAS2 promoter together

with pALASt-LUC and pALASp-LUC, were co-transfected with pRSV-Bgal and transiently

expressed n K562, MEL and COS-I cells. The normalised luciferase activities of the

intron 8 constructs are expressed relative to their appropriate promoter construct and

assigned a value of 1.0. The data are averages obtained from constructs tested in

quadruplicaæ in three experiments and are represented as the mean + standard deviation.
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finding is also in agreement with the observation that intron 8 can increase expression of the

heterologous thymidine kinase promoter as described in Section 4.2.2.

6.3 DISCUSSION

Studies described in this chapter focused on the characterisation of the elements

responsible for the erythroid-specific enhancer activity located within intron 8 of the human

ALAS2 gene. In contrast to the chicken B-globin gene which requires the interaction of a

GATA-1 molecule bound to the 3' enhancer with another GATA-I molecule bound at the

non-canonical TATA box (Fong & Emerson,1992), the human ALAS2 erythroid-specifrc

enhancer efficiently transactivated the human ALAS2 promoter construct containing a

TATA sequence rather than the native non-canonical TATA box (GATA motifl) located at

-27 . Comparison of the human, murine and canine intron 8 sequences identified extensive

sequence conservation between the human, canine and 3' end of the murine intron 8

sequence. Deletion analysis of the human ALAS2 intron 8 sequence localised the

erythroid-specific enhancer element to a 235 bp fragment. Sequence analysis of this

fragment identified two putative binding sites for GATA-I which were conserved between

the human, canine and murine ALAS2 genes, and two putative CACCC boxes, both

sufficiently conserved between the human, canine and murine ALAS2 genes as to predict a

maintained function. Although the murine ALAS2 intron 8 contains additional 5' sequence

which is not present in the human or canine intron 8 sequences, transient expression analysis

demonstrated that the corresponding fragment from the murine intron 8 region fragment

also transactivated the thymidine kinase promoter in erythroid cells only. These findings

implicate a possible functional role of the sequences located within intron 8 of the ALAS2

gene in yivo. These conserved binding sites were investigated further but the involvement of

other transcription factors binding to sequences located within the 235 bp intron 8 enhancer

cannot be eliminated and invirro DNA footprint analysis could be used to investigate this

possibility. However, in addition to the GATA-1 and CACCC box binding sites identified by

sequence analysis, putative binding sites for other t¡anscription factors were not identified

within the human ALAS2 intron 8 sequence.

The two conserved GATA sites identified within the ALAS2 intron 8 sequence were

identical in sequence and both conformed to the consensus GATA-1 binding site (Merika &
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Orkin, 1993; Ko & Engel, 1993). Mutational analysis demonstrated that only one of the two

conserved GATA sites, GATA site B was functionally important in erythroid cells.

Although invitro binding studies showed that each GATA site bound GATA-I protein in

erythroid nuclear extracts, the DNA-binding affinity of GATA-I for these sites was not

investigated. The reason why only one of these GATA-I binding sites is functional may be

attributable to its location and the possible requirement to interact with other proteins. To

investigate this further, plasmid constructs could be synthesised in which these two GATA

sites are exchanged within intron 8, and then examined in transient expression studies to

determine whether GATA site A can functionally replace GATA site B.

One interesting feature observed from mutational analysis of GATA site A was the

consistent moderate increase in expression following destruction of this site. This f,rnding

indicated that the binding of GATA-I to GATA site A may exhibit a repressor-like activity

either directly through the action of GATA-I or via a repressor protein binding to a

sequence located a-djacent to or overlapping the GATA site. Raich et al. (1995)

demonstrated that GATA-I is capable of exerting a negative effect on the expression of the

human e-globin gene, where a mutation of a GATA motif increased expression of a

transgene. Two putative GATA-I binding sites were also identified at the 3'end of the

human ALAS2 intron 8 sequence but transient expression analysis of a fragment containing

these sites suggested that these did not contribute to enhancer activity. Therefore although a

number of putative GATA-I binding sites were identified within the human ALAS2 intron 8

sequence, only one site was functional as determined by mutational analysis. Putative

GATA-I binding sites have been identified in the proximal promoters of erythroid-cell

expressed genes including the human e- (Gong et al., 1991) and p- globin promoters

(deBoer et aI., 1989), the human PBGD (Mignotte et al., 1989b) and the murine EKLF

promoter (Crossley et al., 1994a), but not all of these sites are functional. Clusters of

GATA sites have been identified which bind a single GATA-1 molecule (Tsai er aI., I99l:

Trainor et a1.,1996) but we have no evidence suggesting that a single GATA-I molecule is

capable of binding to the GATA sites within the human ALAS2 intron 8 sequence'

Two putative CACCC boxes were identified within this erythroid-specific enhancer

and mutational analysis established that both sites were required for enhancer activity. The

contribution of CACCC site A appeared moderately greater than that of CACCC site B as

revealed by transient expression studies in erythroid cells. Although, mutational analysis
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indicated a possible cooperative interaction between proteins binding to CACCC site A,

CACCC site B and GATA site B, evidence for such an interaction cannot be concluded

from these studies.

In vitro binding studies were performed to investigate the identity of the protein(s)

binding to the two functional CACCC sites identified in the human ALAS2 enhancer.

Currently, several proteins have been reported to bind in vitro to CACCC boxes and in

particular members of the Kri.ippel family of transcription factors Spl (Kadonaga et al.,

7987), EKLF (Miller & Bieker, 1993) and BKLF (Crossley et aI., 1996). Gel shift analysis

of the two functional CACCC sites in the intron 8 enhancer demonstrated that the

CACCC site A and CACCC site B each bound Spl or an Sp1-related protein in erythroid

cell nuclear extracts (possibly BKLF) but each site displayed a weak binding affinity for Spl

compared to that detected with the murine B-globin CACCC box or the -54 CACCC

sequence in the human ALAS2 promoter. In addition, the profile of nuclear proteins binding

to these two CACCC sites did not mimic the previously characterised proteins capable of

binding to the murine B-globin CACCC box including EKLF, Sp1 and BKLF (Crossley

et aI., 1996) and the -54 CACCC sequence in the human ALAS2 promoter (as described in

Section 5.2.2). A sequence comparison of the two CACCC sites from the human ALAS2

intron 8 sequence with the murine B-globin CACCC box and the single CACCC sites

comprising the -54 CACCC sequence in the human ALAS2 promoter is shown in Table 6.1.

Interestingly, CACCC site A (5'-CCCCACCCT-3') is identical in sequence to the functional

distal CACCC site identified in the erythroid promoter of the human PBGD gene (Mignotte

et a1.,1989b) which binds BKLF in MEL cell nuclear extracts (Crossley et aI., 1996) and

purified EKLF protein (approximately 577o relative to the murine B-globin CACCC box )

(Dr. A. Perkins, personal communication). However, one of the CACCC sites from the

murine HS2 which displayed a weak binding affinity for BKLF in competition gel shift

assâys (Crossley et al., 1996) is also identical to the CACCC site A. This finding suggests

that the flanking sequence may also be critical in determining the binding affinity of a

protein for a specific sequence. CACCC site B is identical in sequence to the proximai

CACCC siæ in the murine GATA-I promoter Cfsai ¿¡ aI., 1997) which binds BKLF but

whether this sequence also binds EKLF is not known. The CACCC site B is also identical to

one of the CACCC sites that constitute the overlapping -54 CACCC sequence in the human

ALAS2 promoter but specifically which site binds Sp1, EKLF and BKLF has not been
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Table 6.1 Comparison of CACCC sequences that bind EKLF and BKLF

A summary of CACCC sequences from erythroid-specific genes that bind either purified

EKLF or BKLF from erythroid nuclear extracts, determined from competition gel shift

assays. The data is compiled from Crossley et aI. (1996) and information obtained from

Dr. Andrew Perkins (personal communication). The sequences of the CACCC site A and

CACCC site B in the human ALAS2 intron 8 are compared to CACCC sequences identified

in other erythroid-specific genes and the -54 CACCC sequence of the human ALAS2

promoter, comprised of two overlapping CACCC boxes.



CACCC Sequence

5'-CCCCACCCT-3' weakly NO

5'-ccccAcccT-3' strongly weakly

5'-CCCCACCCT-3' weakly ND

5'-CCCCACCCA-3' weakly NO

5',-CCCCACCCA-3' strongly ND

site A

site B
-------|>

5'-CCCCACCCACCCA-3' strongly strongly

5',-CCCCACCCA-3' ND ND

5'-ACCCACCCA-3', ND ND

Sequence
binds BKLF

Sequence
binds EKLF

Human ALAS2
intron I CACCC site A

Human PBGD erythroid
promoter (distal site)

Murine HS2 (site 2)

Human ALAS2 intron 8
CACCC site B

Murine GATA-1
(proximal site)

Human ALAS2
-54 CACCC sequence

Human ALAS2
-48l-56 CACCC site A

Human ALAS2
-51/-60 CACCC site B

Murine B-globin promoter 5'-CCACACCCT-3' strongly strongly



determined. Therefore from examination of the CACCC sites from other erythroid-specific

promorers capable of binding BKLF or EKLF it was extremely surprising that binding of

these two proteins to either CACCC site in the human ALAS2 intron 8 was not detected.

Although binding of Spl to both CACCC sites within intron 8 was observed, it was

markedly reduced in comparison to the binding detected with either the murine B-globin

CACCC box or the human ALAS2 promoter -54 CACCC sequence. To investigate these

CACCC sites further, gel shift assays could be performed with purified Spl, EKLF and

BKLF proteins.

To investigate whether the inactivity of the ALAS2 enhancer in non-erythroid cells

was due to the absence of endogenous GATA-I protein, co-transfection assays were

performed with exogenously expressed GATA-1 in COS-1 cells and the parental CV-1 cell

line. However, exogenously expressed GATA-I did not transactivate the ALAS2 promoter

through intron 8. This finding is ln direct contrast to the Wilm's Tumour gene

erythroid-specific enhancer located 3'of the gene which can be transactivated in

non-erythroid cells by exogenously expressed GATA-I protein (Wu er a1.,1995). Therefore

the inability to transactivate the human intron 8 enhancer in non-erythroid cells by GATA-I,

suggested that either the levels of endogenous Spl protein were not appropriate in this cell

line to cooperate with GATA-I and activate the intron 8 enhancer, or another CACCC box

binding protein was required. Alternatively, another erythroid factor binding elsewhere in

the 235 bp intron 8 enhancer fragment may also be necessary to attain erythroid-specific

enhancer activity.

Comparison of the relative concentrations of Spl protein in erythroid and

non-erythroid CV-1 cells by gel shift analysis indicated that the Sp1 protein was more

abundant in erythroid cell lines. Consequently, the inability to activate the enhancer in

intron 8 may be attributable to the differences in the levels of exogenously expressed

GATA-1 and endogenous Spl in COS-1 cells. Therefore future experiments would involve

the over-expression of both Sp1 and GATA-I in COS-I cells to determine whether these

two proteins can now transactivate the ALAS2 intron 8 enhancer in non-erythroid cells.

Another CACCC binding protein that may be involved is EKLF and EKLF may

functionally interact with GATA-1 to activate the erythroid-specific enhancer. However, the

inability to transactivate the intron 8 enhancer by exogenously expressed murine EKLF in

K562 cells is in agreement with gel shift studies performed on the two functional CACCC
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sites located within intron 8 which failed to detect the binding of recombinant EKLF protein

to either site. This result is in contrast to that obtained with EKLF transactivation assays

performed with the human ALAS2 promoter (as described in Section 5.2.2), where

exogenously expressed EKLF transacúvated the ALAS2 promoter through the functional

CACCC sequence at -59 I -48 (5'-GGGTGGGTGGGG-3')'

Gregory et aI. (7996) investigated the interaction of GATA-1 with proteins binding

to the CACCC site, namely Spl or EKLF within erythroid promoters in transactivation

studies performed in the Drosophila SL2 cell line which is devoid of endogenous Sp

factors. Their f,rndings suggested that in addition to the sequence of the CACCC element,

the orientation of the CACCC element may also be an important factor in determining

whether Spl or EKLF is the invivo transcriptional activator which cooperates with

GATA-I. The two functional CACCC sites and the two GATA sites within intron 8 are

each oriented as direct repeats, with both GATA sites located on the non-cocling strand. In

contrast, the functional GATA sites (-124 and -100) in the ALAS2 promoter are arranged

as an inverted palindrome. Similar transactivation studies could be performed tn Drosophila

SL2 cells, with both the human ALAS2 promoter and intron 8 in an attempt to investigate

whether EKLF or Sp1 can functionally interact with GATA-1 to activate the enhancer.

As mentioned, gel supershift analysis idenúfied the binding of Spl or Spl-related

proteins to both functional CACCC siæs in the human ALAS2 intron 8 enhancer element.

However, numerous transcription factors including Sp2, Sp3 and Sp4 (Hagen et al., 1992;

Kingsley & Winoro, 7gg2), BTEB (Imataka et a1.,1992) and BTEB2 (Sogawa et al-,1993)

recognise a similar DNA binding motif to Sp1 and a putative role for these factors in the

transcriptional activation of the human ALAS2 gene through the erythroid-specific enhancer

located within intron 8 rnay be eliminated by their tissue distribution.

The Spl-related proteins, Sp2, Sp3 and Sp4 were cloned based on their homology

with the Sp1 DNA-binding domain (Hagen et al., 1992; Kngsley & 'Winoto, 1992). The

DNA-binding specificities of Sp3 and Sp4 proteins are highly conserved and recognise

GC/GT boxes with specificity and afnnity closely similar to Sp1, while Sp2 has different

DNA binding specificities (Kingsley & Winoto, 1992). Northern blot analysis of the mRNA

tissue distribution of Sp2 and Sp3 in comparison to Sp1, demonstrated that these two

proteins are also widely expressed in tissues and cell lines (Hagen et aI., 1992; Kingsley &

\üinoto, lgg}).Interestingly, Sp2 mRNA is expressed in erythroid K562 cell lines whereas
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Sp3 mRNA is detecred in both erythroid K562 and MEL cell lines (Kingsley & Winoto,

IggZ).In contrast, Sp4 transcripts are abundantly expressed in the brain but barely detected

in other organs (Hagen et a1.,1992).

The frequency of Sp binding siæs in the regulatory regions of genes and their tissue

distribuúon suggests that these transcription factors are involved in the regulaúon of a wide

variety of viral and cellular genes in different tissues. Co-transfection studies performed in

mammalian cells and Drosophila SL2 cells, demonstrated that Sp4 functions as a'

transcriptional activator while Sp3 represses both Sp1- and Sp4- mediated transcription

(Hagen et al., 1994; Hagen et al., 1995, Majello et aI., 1994; Majello et al', 1995, De luca

et al., 1996). However, Dennig et aI. (1996) demonstrated that Sp3 was also capable of

functioning as a transcriptional activator but was silenced by an inhibitory domain located

between the second glutamine-rich region and the zinc fingers. Gene targeting by

homologous recombination was used to investigate the role of Sp4 during murine

development (Supp et aI., 1996) and suggested an important role for Sp4 in normal male

reproductive behaviour.

There are two other GC-box binding proteins that recognise a sirnilar DNA binding

morif ro Sp1, designated BTEB (Imataka et al., 1992) and BTEB2 (Sogawa et al., 1993).

BTEB can function both as a transcriptional activator or repress transcriptional activation of

a promoter by Sp1 (Imataka et aI., 1992). Northern blot analysis of BTEB mRNA detected

transcripts in all tissues examined and was abundantly expressed in the kidney, lung, brain

and testis (Imataka et aI., t992). BTEB2 can also function as a transcriptional activator but

transcripts were only detected in the testis and placenta. Inærestingly, intracellular levels of

Spl do vary between tissues and expression is relatively low in the testis and brain (Imataka

etal., 1992) suggesting that BTEBZmay functionally replace Sp1 in these tissues or that

some testis or placenta-expressed genes specifically require BTEB2.

Therefore the identification of the CACCC binding protein involved in the

transcripúonal activation of the erythroid-specific enhancer within intron 8 of the human

ALAS2 gene is extremely difficult due to the number of transcription factors capable of

binding to CACCC or GC boxes with a similar DNA binding affinity to that of Spl.

Although, the Sp2 and Sp3 transcription factors are widely expressed in tissues and cell

lines (Hagen et al., 1992; Kingsley & Winoto, 7992), Sp2 is expressed in the erythroid

K562 cell line and Sp3 is expressed in both K562 and MEL cells (Kingsley & Winoto,
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lgg¿). Therefore to investigate the possible role of these proteins in the transcriptional

activation of the ALAS2 intron 8 enhancer, transactivation assays could be performed in the

Drosophila SL2 cell line with cDNA expression clones encoding these proteins. To examine

wherher these proteins are capable of binding to the two CACCC siæs in intron 8, gel shift

assays could be performed with either nuclear extracts prepared from SL2 cells transfected

with either a Sp2 or Sp3 cDNA expression clone and the binding of retarded protein

complexes compared with nuclear extracts isolated from K562 and MEL cells. The

generation of purified recombinant Sp2 and Sp3 proteins from GST-fusion proteins and the

use of antibodies specific to Sp2 or Sp3 in gel supershift assays would assist in determining

the identity of the nuclear proteins binding to the CACCC .sites within intron 8. [n contrast,

the restricted expression of Sp4 transcripts in the brain and evidence generated from gene

targeting studies, suggest that Sp4 is probably not the transcriptional activator of the

erythroid-specific ALAS2 intron 8 enhancer. Similarly, examination of the tissue-specific

expression of BTEB and BTEB2 suggested that these factors may also not be involved in

the transcriptional activation of the ALAS2 enhancer but these cannot be entirely

eliminated.

In conclusion, the identity of the CACCC binding protein involved in the

transcriptional activation of the erythroid-specific enhancer located in intron 8 of the human

ALAS2 remains to be resolved. Gel supershift analysis identified the binding of Sp1 or

Spl-related protein to both functional CACCC sites in the enhancer, but there also exists

the possibility that the protein responsible for activating the erythroid-specific enhancer may

not be detected with the current gel shift assay conditions. However, numerous higttly

related transcription factors are capable of binding to the Spl sequence and their role may

be eliminated by their tissue distribution.

In addition to the identification of protein(s) binding to the CACCC boxes within

intron 8 of the ALAS2 gene, another erythroid factor may be required for the activaúon of

the erythroid-specific enhancer in non-erythroid cells. Tsang et al. (1991) has recently

reported the isolation of a cofactor for GATA-1, designated Friend of GATA-I (FOG)

which is coexpressed with GATA-I in both erythroid and megakaryocytic lineages. FOG

can functionally cooperate with GATA-1 to synergistically activate transcription of the p45

NF-82 gene and also demonstrated to play a critical role in the terminal differentiation of

both erythroid and megakaryocytic lineages (Tsang et al., 1997). Therefore it would be of

t79



great interest to investigate whether coexpression of both GATA-1 and FOG in COS-I cells

is capable of activating the intron 8 enhancer in these non-erythroid cells'

GATA-1 binding sites are often found in close association with CACCC boxes in the

regulatory regions of many erythroid-specific genes (deBoer et aI., 1988, Mignotte et al.,

1989b; Frampton et aI., 1990; Zon et aI., l99I; Rahuel et al., 1992; Max-Audit et aL',

1gg3).Interestingly, the distance between these two motifs are generally observed in an

approximate multiple of l0 bp indicating that stereospecific alignment of these binding sites

may be required. There is evidence for a synergistic interaction between the proteins binding

to the GATA and CACCC binding sites, namely GATA-I with either EKLF or Spl (Merika

& Orkin, 7995;Gregory et a1.,1996) and mutational analysis of the two conserved CACCC

binding sites and one GATA-I binding site located within human ALAS2 intron 8, indicated

that proteins binding to all of these sites was required to attain full erythroid-specif,rc

enhancer acúvity. Interestingly, the distance between the CACCC and GATA-I binding

sites identified within intron 8 are highly conserved between all three species, with the

exception of a 5 bp insertion between the CACCC site A and CACCC site B in the murine

intron 8 sequence. The distance between the functional CACCC site A and GATA site B,

essential for the erythroid-specific enhancer activity of intron 8, consists of a spacing of

approximately 110 bp in both the human and canine ALAS2 genes and approximately

114bp in the murine ALAS2 gene. The distance between the CACCCsiteB and

GATAsiteB is approximately 51 bp ir all three ALAS2 intron8 sequences. Therefore

based on these distances, both CACCC sites are probably located on the same side of the

helix. The two GATA sites are predicted to reside on opposite sides of the helix with

GATA site B on rhe same side of the helix as both CACCC sites within human ALAS2

intron 8. This arrangement may explain why only GATA site B is functionally important for

enhancer activity. In contrast, an additional 5 bp of sequence is located be¡ween the two

CACCC sites in the murine intron 8 sequence and this indicates that these two sites may be

located on opposite sides of the helix and the functional significance of this is currently

being examined. In addition, the CACCC-like sequences 5'-CCTCACCC-3' and

5'-CCCCACTC-3' present in the murine and canine intron 8 sequences, respectively, are

predicted to correspond to the functional CACCC site A in the human ALAS2 intron 8.

However, whether these sites are indeed functional remains to be determined.
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Although enhancer elements have been considered to function at a distance and

increase the rate of transcription of a linked promoter (Treisman & Maniatis, 1985; Weber

& Shaffner, 1985), recent studies (Walters et aI., 1995; V/alteÍs et aI., 1996; Sutherland

et aI., 1gg7) as described in Chapter 4, have suggested that the primary role of enhancer

elements is to establish and maintain an active domain permissive for transcription rather

than functioning to increase the rate of gene transcription. Sequences located within human

ALAS2 intron 8 were shown to contribute to promoter expression, either by contributing to

promoter acúvity or to chromatin structure. In the present study, it cannot be disúnguished

whether the reduced expression observed when the GATA or CACCC box binding sites

within intron 8 were mutated, represent a decrease in the proportion of transfected cells

expressing the reporter gone or from a decrease in promoter activity. However, in this study

the primary aim was to identify regions of the human ALAS2 gene responsible for

tissue-specific expression, resulting in the identification of elements located within intron 8,

demonstrated to be functionally important for expression. These elements are higtrly

conserved between species alluding to a possible functional role in vivo and this is currently

under investigation.

During erythroid differentiation, large quantities of heme are required for

hemoglobin synthesis. The transcription of the ALAS2 gene is markedly upregulated

together with the genes for the other heme pathway enzymes to accommodate the increased

demand for heme. As described in Section5.l, the promoter of the erythroid ALAS gene

(ALAS2) conrains functional GATA and CACCC binding sites which are a feature of the

regulatory regions of many erythroid cell specific genes, but importantly it was shown that

this promoter is active in both erythroid and non-erythroid cells in transient expression

studies (as described in Section 4.2.1). Consequently, an examination of other regions of the

ALAS2 gene was undertaken and resulted in the identification of an erythroid-specific

enhancer element within intron 8 located approximately 16 kb downstream from the

transcription initiation site. Studies described in this chapter, demonstrated that functional

GATA and CACCC binding sites constitute this enhancer element and are responsible for

the high level expression of the gene in vitro. These elements were also found to be highly

conserved in the corresponding region of the muri¡re and canine ALAS2 genes alluding to a

possible funcúonal role invivo. In contrast to ALAS, there is only one structural gene
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encoding the other enzymes of the heme pathway (May et aI., 1995; Taketani et a1.,1995)

but erythroid-specific enhancer elements are yet to be identified in any of these genes.
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CHAPTER SEVEN : FINAL DISCUSSION AND SUMMARY

ALAS, has been of particular interest to our research laboratory since it is the

rate-controlling enzyme of the heme biosynthetic pathway, and is likely to represent a target

of gene regulation. There are two separate ALAS genes located on different chromosomes,

encoding for either housekeeping (ALAS1) or erythroid-specific (ALAS2) forms of the

enzymes (Sutherland et al., 1988; Cox et aI., 1990; Bishop et al., 1990). Expression of

ALAS2 is developmentally regulated and is markedly increased during erythropoiesis to

accommodate the increased demand for heme during hemoglobin production (May et al.,

1995). Therefore unlike the housekeeping enzyme, ALASl which is expressed in the liver

and possibly all non-erythroid tissues, distinct regulatory mechanisms are thought to be

involved in regulating ALAS2 gene expression in erythroid cells. At the onset of erythroid

differentiation, trânscription of the ALAS2 gene (Elfennk et al., 1988) is markedly

up-regulated together with an increase in the transcription of genes for the other heme

parhway enzymes (Beaumont et a1.,1984; Romeo et a1.,1986; Raich et aI., 1989) and for

globin (Karlsson & Nienhuis, 1985) most probably in a coordinated fashion. In addition to

the ALASZ gene being regulated at the level of gene transcription, studies have also

demonstrated that expression of the ALAS2 gene is regulated at the post-transcriptional

level by an iron-responsive element (Cox et al.,I99I; Bhasker et al-,1993)

The work presented in this thesis was aimed at investigating the transcriptionai

regulation of the human ALAS2 gene during erythropoiesis. The primary aim was to

identify regions of the ALAS2 gene subject to transcrþtional regulation and investigate the

transcription factors responsible for the regulation of this gene during erythropoiesis.

Studies performed in transformed erythroid cell lines, which can be induced to differentiate

invitro, have previously demonstrated that the increase in ALAS, together with other

enzymes of the heme biosynthetic pathway and globins occurs primarily at the level of

transcription (Beaumont et al., 1984; Karlsson & Nienhuis, 1985; Romeo et aI., 1986:,

Elferink et al., i988; Raich et aI., 1989). Therefore transient expression studies were

performed in transformed erythroid cell lines and a non-erythroid cell line, with a series of

human AlAS2/reporter gene constructs in an attempt to identify regions of the ALAS2

gene which confer erythroid-specific expression. The MEL cell line which can be chemically

induced to differentiate with Me2SO (Friend et al., I97l) was chosen for t¡ansient
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expre,ssion studies. The erythroid K562 cell line has been used successfully in transient

expression studies to identify critical regulatory regions responsible for the expression of

numerous erythroid-specific genes (Rahuel et al., 1992; Fischer et aI., 7993; Max-Audit ¿r

a1.,1993) and was also included in this study.

The structural organisation of the human, murine and chicken ALAS2 genes are

remarkably similar, consisting of 1l exons and lOintrons with an IRE located in the

5'-untranslated region of the mRNA (Schoenhaut & Curtis, 1989; Conboy et al.,1992;Lim

et al., 1994). DNase I hypersensitivity studies performed on the murine ALAS2 gene

resulted in the identification of a number of hypersensitivity sites located in the immediate

promoter region, intron 1, intron 3 and intron 8 (Schoenhaut & Curtis, 1989). These

hypersensitivity sites are indicative of nucleosome-free or nucleosome remodelled regions of

DNA where transcription factors essential for transcriptional regulation have bound (Etgin,

1988; Gross & Garrard, 1988). Therefore based on the highly conserved structural

organisation of the ALAS2 gene and the availabiJity of the entire nucleotide sequenco of the

human ALAS2 gene together with extensive 5'-flanking (10.3 kb) and 3'-flanking (3 kb)

sequence, the corresponding regions of the human ALAS2 gene wore examined for putative

cls-acting elements. Numerous binding sites for the erythroid-enriched transcription factor,

GATA-I, CACCC and CCAAT box binding proteins were identified throughout the 5'- and

3'- flanking sequences, while a single putative binding site for the erythroid-enriched factor,

NF-E2, was identified in both the 5'- and 3'-flanking sequences. Although putative

transcription factor binding sites were identified within intronic sequences of the human

ALAS2 gene, only regions of the human ALAS2 gene corresponding to DNase I

hypersensitivity sites in the murine ALAS2 gene were investigated. Multiple GATA-I and

CACCC box binding sites were identified in introns 1,3 and 8 and these are a common

occurrenco in the regulatory regions of many erythroid-specific genes (deBoer et aI., 1988;

Mignotte et a1.,1989b; Zon et aI., t99l; Max-Audit et a1.,1993).

As described in Chapter 4, a series of S'-flanking ALAS2 deletion/luciferase

constructs ranging in length from -10.3 kb to -27 bp upstream of the transcription initiation

site were synthesised and transiently transfected into the erythroid MEL F4-1282 and K562

cell lines and the non-erythroid COS-1 cell line. Deletion analysis of the 5'-flanking region

of the human ALAS2 gene demonstrated that the first 300 bp upstream of the transcription

initiation site could function as a promoter in erythroid cells. Sequence analysis of this
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300 bp region revealed potential binding sites for the erythroid-enriched transcription

factors, GATA-1 and NF-E2, as well as CACCC and CCAAT box binding proteins, the Ets

family of proteins and the thyroid hormone receptor. Inærestingly, all these putative

transcription factor binding sites were clustered within the first 140 bp of promoter

sequence. Transient expression studies of 5'-flanking sequence extending upstream of the

300 bp promoter, also indicated the presence of possible negative regulatory regions but

these were not investigated further during the course of this project. However, ALAS2

promoter constructs containing -300 bp to -10.3 kb of 5'-flanking sequence also expressed

efficiently in non-erythroid COS-I cells indicating that additional sequence or native

chromatin structure may be required for the erythroid-specific expression of the human

ALAS2 gene invivo.

Therefore in an attempt to identify regions of the ALAS2 gone responsible for

erythroid-specific expression, the regions of the human ALAS2 gene coffesponding to

DNase I hypersensitivity sites in the murine ALAS2 gene and the 3'-flanking sequence were

also examined in transient expression studies. As described in Chapter 4, ALAS2 intron 1

moderately transactivated the ALAS2 and heterologous thymidine kinase promoters in

erythroid cells only, indicating the presence of regulatory sequences located within intron 1

capable of conferring tissue-specific expression. In contrast, sequences within ALAS2

intron 3 reduced the level of ALAS2 promoter expression in both erythroid and

non-erythroid cell lines suggesting the presence of negative regulatory elements located

within this region. However, in contrast to intron l, intron 3 did not appear to affect

expression of a reporter construct driven by the thymidine kinase promoter indicating a

possible interaction between the ALAS2 promoter and intron 3 but this was not investigated

further. The most significant and interesting finding obtained from transient expression

studies described in Chapter 4, was the identification of an erythroid-specific enhancer

element located within intron 8 of the human ALAS2 gene, capable of transactivating both

the human ALAS2 promoter and the heterologous thymidine kinase promoter.

Sequence analysis of the ALAS2 3'-flanking sequence revealed putative consensus

binding sites for GATA-I, CACCC and CCAAT box binding proteins and an NF-E2-like

sequence. Erythroid-specific enhancers have been identified in the 3'-flanking sequence of

the human (Trudel & Costantini, 1987) and chicken (Fong & Emerson, 7992) B-globin

genes, the murine cytosolic glutathione peroxidase gene (O'Prey et al., 1993) and the
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Wilm's Tumour (WTl) gene flMu et al., 1995). However, the addition of the 3'-flanking

sequence upstream of the ALAS2 promoter did not affect expression in transient

transfection studies.

The final two chapters of this thesis examined in detail the t¡anscription factors

responsible for the strong transient expression of the first 300 bp of the human ALAS2

promoter and the high tevel erythroid-specific expression of an enhancer element identified

within intron 8 of the ALAS2 gene. Mutational analysis and gel shift assays were performed

to determine the transcription factors responsible for expression of the ALAS2 promoter

and the erythroid-specific enhancer element located within intron 8.

As described in Chapter 5, sequence analysis identified putative binding sites for

both erythroid-enriched and ubiquitous transcription factors, located within the first 140 bp

of ALAS2 promoter sequence. The transcription factors that bound to these putative

binding sites were examined in gel shift assays while the functional contribution of these

sites in ALAS2 expression were investigated by site-directed mutagenesis and transient

expression analysis of ALAS2 promoter/luciferase reporter gene constructs.

Two potential GATA-I binding sites with an inverted palindromic arrangement,

located at -124 and -100, respectively, both bound GATA-I tn invitro DNA binding

studies. Mutational analysis demonstrated that both sites were functional and transactivation

assays performed with exogenously expressed GATA-I demonstrated that both sites

respond to GATA-I. A GATA-I binding site was also identified at the -27 TATA box

location which can also bind TBP in gel shift assays. Conversion of the GATA-I binding

motif to a canonical TATA box consistently reduced t¡ansient expression in erythroid cells

only to 10-80Vo of wild-type, suggesting a role for GATA-I in transcriptional initiation.

However, conversion of the native -21 GATA site to a sequence which bound only

GATA-1 and not TBP, significantly reduced expression indicating that the sequence at the

TATA box location, must be capable of binding both GATA-I and TBP in attaining

rnaximal promoter expression.

Two overlapping CACCC boxes on the non-coding strand were identified at -591-48

in the ALAS2 promoter. Mutational analysis demonstrated the functional role of this

sequence in driving ALAS2 promoter expression in both erythroid and non-erythroid cells.

GeI shift analysis demonstrated the binding of at least three CACCC binding proteins,

including Sp1, EKLF and BKLF. Inærestingly, the ALAS2 promoter was transactivated by
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exogenously expressed EKLF in transactivation assays, suggesting the possible involvement

of EKLF in the transcriptional activation of the ALAS2 promoter. Studies are currently in

progress to examine the expression of ALAS2 mRNA in mice containing a targeted

disruption of the EKLF gene (Perkins et a1.,1995).

A purative NF-E2 binding site (-49l-39) identified in the ALAS2 promoter was

determined to be non-functional in erythroid cells by mutational analysis and binding of

NF-E2 protein to this sequence was not detected by gel shift analysis. In contrast, to the

general distribution of GATA and CACCC box motifs in the promoters and enhancers of

erythroid cell expressed genes, functional binding sites for NF-E2 are not a common

occurrence (Mignotte et aI., 1989b; Talbot et aI., 1990; Strauss et al., 1992) suggesting

that NF-EZ may be involved in the transcriptional regulation of only a subset of

erythroid-specific genes.

A putative CCAAT box located at -901-84 in the ALAS2 promoter was not

investigated in the present study by gel shift assays or mutational analysis. However, based

on the conserved sequence homology with the functional CCAAT box present in the human

(deBoer et al., 1988) and murine (Cowie & Myers, 1988) p-globin promoters, it is

postulated to be functional in the human ALAS2 promoter. In addition, mutagenesis of both

the -124 and -100 GATA sites and the -54 CACCC sequence in the ALAS2 promoter,

reduced expression to 38Vo in erythroid cells, and the putative CCAAT box (-90/-84) may

be responsible for this remaining activity.

As described in Chapter 1, several lines of evidence have implicated a possible role

for the thyroid hormone receptor in the ffanscriptional regulation of the ALAS2 gene. A

putative thyroid hormone response element was identified in the ALAS2 promoter (-2ll-6).

Gel shift assays did not detect binding of nuclear proteins to this site and preliminary

transient expression studies suggested that this site was non-functional. However, other

regions of the ALAS2 gene may respond to thyroid hormone and could be investigated

further in transient transfection studies. Although several lines of evidence have also

implicated a role for members of the Ets family of transcription factors in erythropoiesis, an

Ets-like sequence located between the two functional GATA-1 binding sites at -124 and

-100 was also shown to be non-functional in transient expression studies.

In conclusion, the ALAS2 promoter contains functional binding sites for GATA-I

and CACCC box binding proteins which are critical regulatory sequences of many erythroid

187



cell expressed genes (deBoer et al., 1988; Migîotte et al., 1989b; Zon et aI., 1991;

Max-Audit et al., 1993).

As shown in Chapter 6, sequence comparison of intron 8 of the human, murine and

canine ALAS2 genes revealed extensive conservation between the human, canine and 3' end

of the murine intron 8 sequence. An interesting feature was the complete conservation in

sequenco and location of two putative GATA-I binding sites and one CACCC box binding

site and a second CACCC-like sequence present in all three species. Since the

erythroid-enriched factor, GATA-I, and CACCC box binding proteins have been

demonstrated to functionally interact (Merika & Orkin, 1995; Gregory et aI., 1996), the

clustering of these binding sites within intron 8 implicates a possible role for these sites in

ALAS2 gene transcription. Transient expression studies performed with either the human or

murine intron 8 sequences, demonstrated that both sequences conferred erythroid-specific

cnhancer activity to a similar degree. Deletion analysis of the human ALAS2 intron 8

resulted in the subsequent localisation of the erythroid-specific enhancer activity to a 235 bp

fragment containing the conserved GATA sites and CACCC boxes. Although gel shift

assays demonstrated that both GATA sites could bind GATA-I invitro, mutational analysis

established that only one GATA-I binding site in combination with both CACCC boxes was

required to att¿in full enhancer acúvity. Gel shift assays of the two functional CACCC

boxes only detected the binding of Sp1 or an Spl-related protein but not EKLF. In

agreement with this, exogenously expressed EKLF did not transactivate the ALAS2

promoter through sequences located within intron 8 suggesting that this factor is not

involved in enhancer activity.

Studies are currently in progress in our laboratory to confirm the predicted

functional role of the GATA-I and CACCC box binding sites in intron 8 of the murine

ALAS2 gene using similar transient expression studies as those performed with the human

ALAS2 intron 8. Although, transient expression studies performed in the erythroid cell lines

was an extremely successful approach in the identification of an erythroid-specific enhancer

element located within intron 8 of the human ALAS2 gene, the most significant experiments

would involve determining whether sequences located within intron 8 function invivo. The

approach undertaken will be to delete the murine ALAS2 intron 8 using gene targeting

technology in embryonic stem cells. The mice generated (chimeric and hemizygous males)

are predicted to be anemic and the extent of anemia will be dependent on the strength of the
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enhancer. A number of parameters could be examined in these mice including the level of

ALAS2 gene transcription in comparison to a wild-type mouse. ln addition, DNase I

hypersensitivity mapping studies as those described by Schoenhaut and Curtis (1989) could

be performed to examine the formation of DNase I hypersensitivity sites in the intron 8

enhancer deficient mouse.

A characteristic feature of terminally differentiating erythroid cells is an increase in

chromatin condensation and the silencing of genes not required for erythroid differentiation

(Sherton & Kabat, I976; Fraser & Curtis, 1987). Therefore enhancer elements of the globin

gene clusters have been proposed to function to delay the silencing of globin genes (Walters

et a1.,1996; Sutherland et aI., 1991).It is possible that other erythroid-specific genes may

utilise a similar mechanism to maintain transcription of their genes in a "repressive"

environment. The erythroid-specific enhancer identified within intron 8 of the human

ALAS2 gene may represent one such example. Therefore it would be interesting to examine

whether deletion of the ALAS2 intron 8 enhancer in erythroid progenitor cells alters the

rate of ALAS2 gene transcription or reduces the number of cells expressing ALAS.

A recurrent theme observed throughout the course of this study was the critical role

of GATA-1 and CACCC box binding proteins in the transcriptional regulation of the human

ALAS2 gene. As described in Section 1.4, previous studies directed at investigating the

transcription factors responsible for expression of other erythroid cell expressed genes

including globin, enzymes of the heme biosynthetic pathway and the EpoR have also

demonstrated the functional importance of GATA-I and CACCC box binding proteins

(deBoer et aI., 1988; Migrrofte et al., 1989b; Zon et al., 1991). There is evidence for

transcriptional synergism between GATA-I binding sites and nearby CACCC box binding

sites based on the mutagenesis of these sites (Framptoî et al., 1990; Zon et al., 7991; Tsai

et al., 1991) and co-transfection studies performed tn D. melanogaster SL2 cells which are

devoid of endogenous Sp factors (Merika & Orkin, 1995; Gregory et al., 1996). However,

mutational analysis of the GATA and CACCC siæs in the ALAS2 promoter did not provide

any evidence for a cooperative interaction between these sites. In contrast, mutational

analysis of the two conserved CACCC box binding sites and one GATA-I binding site

identified in the ALAS2 intron 8 sequence indicated that the proteins binding to all of these

sites was required to attain full erythroid-specific enhancer activity. Interestingly, unlike

intron 1, intron 8 was not transactivated by exogenously expressed GATA-I in
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co-transfection assays indicating the requirement of additional proteins in the transcriptional

activation of the ALAS2 intron 8 enhancer. Studies are currently in progress to investigate

the identity of these factors.

Transient expression studies performed in the erythroid MEL and K562 cell lines

was an extremely successful approach in providing an insight into the regions of the human

ALAS2 gene subjected to transcriptional regulation in erythroid cells. However, this

approach only allowed the identification of t¡anscription factors involved in driving

expression of the ALAS2 gene in undifferenúated erythroid cells. As previously described

by Elferink et al. (1988) and as shown in Chapter 3, the levels of endogenous ALAS2

mRNA are markedly increased in MEL cells chemically induced to differentiate following

exposure to Me2SO. A similar result has also been observed in the J2E cell,line induced to

differentiate with the natural stimulator of erythropoiesis, Epo (Busfietd et al., 1993).

Therefore it would be of great interest to determine whether the regions of the ALAS2 gene

demonstrated to increase expression of the ALAS2 promoter in transient transfection

studies, namely intron 1 and intron 8 are also activated during erythroid differentiation.

These studies would require the generation of erythroid cell lines stably transfected with

human ALAS2 gene constructs to permit expression of a reporter gene construct to be

examined throughout erythroid differentiation.

A preliminary investigation into the regions of the ALAS2 gene which are activated

during the MøSO-induced differentiation of MEL cells, involved the generation of a MEL

cell line permanently expressing 1.9 kb of ALAS2 5'-flanking sequence fused to the CAT

reporter gene. lnterestingly, induction of this permanent cell line to differentiate revealed

that the CAT reporter gene was transcriptionally activated at a similar time as the

endogenous ALAS2 gene during Me2SO-induced differentiation. This result indicated that

all of the elements necessary for the temporal expression of the ALAS2 gene following

Me2SO-induction are located within this 1.9 kb of 5'-flanking sequence. Therefore the

minimal region of the ALAS2 promoter that is activated during the Me2SO-induction of

MEL cells, could be defined with the generation of a series of deletion ALAS2

5'-flankingicAT reporter constructs stably transfected into MEL cells. Although,

expression of the CAT reporter gene was activated in response to MezSO at a similar time

to endogenous ALAS2, expression was not maintained during erythroid differentiation,

suggesting that other regions of the ALAS2 gene may be required for continued expression
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during erythroid differentiation. Therefore analogous to the proposed role of the LCR of the

B-globin gene cluster, involved in delaying the silencing of globin gene expression during

erythroid differentiation @alter s et al., 1995, 
'Walters et al., 1996; Sutherland et al., 1991),

intron g of the human ALAS2 gene may play a similar role. A similar strategy could also be

employed to examine the expression of human ALAS2 intronic sequences including intron 1

and intron 8 in stably transfected MEL cells. Such an approach would permit an

examination of the expression of the ALAS2 constructs during erythroid differentiation and

also determine the importance of correct nucleosome assembly in ALAS2 gene expression.

As described in Chapter 4, the ALAS2 promoter contains a non-canonical TATA

box (at -2i) thalt exhibits some similarity to a GATA motif. However, conversion of the

-Z1.GATA motif to a canonical TATA box only marginally reduced promoter activity.

Interesúngly, there is evidence to suggest that GATA-I bound at the -30 position prevents

the assembly of a repressive nucleosome at the chicken B-globin promoter (Barton et aI-,

Igg3) and imparts erythroid cell specificity through the interaction with another GATA-I

molecule bound to the 3'enhancer (Fong & Emerson, t992). Therefore expression of a

reporter gene from MEL cell lines stably transfected with an ALAS2 promoter construct

containing a canonical TATA box could be compared with the native ALAS2 promoter

construct where correct nucleosome assembly would be expected. Transient transfection

studies suggested that the human ALAS2 intron 8 enhancer transactivated the ALAS2

promoter containing a canonical TATA box to a similar degree as the native ALAS2

promoter. However, such a strategy could also be employed to investigate whether the

model proposed for the chicken B-globin promoter-3'enhancer interaction (Fong &.

Emerson, 1992) may also be applicable to the ALAS2 gene.

In contrast to MEL cell lines, the JZE cell line which differentiates following

exposure of these cells to Epo is a more appealing model system to investigate the

regulatory regions of the ALAS2 gene which are transcriptionally activated during

Epo-induced erythroid differentiation. Taxman and Wojchowski (1995) examined the

transcriptional activation of the murine B-globin promoter :r;.JZE cells induced to terminally

differentiate with Epo. Minimal promoter constructs containing GATA-1 binding sites were

highly induced by Epo :ri_JZE cells suggesting the involvement of GATA-I. Treatment of

JZ¡.' cells with okadaic acid and cAMP-elevating agents also induced erythroid

differentiation indicating the possible involvement of serine/threonine phosphorylation
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pathways and possibly including GATA-I (Taxman & Wojchowski, 1995)' However'

transient expression studies performed with the murine B-globin promoter has revealed

distinct differences between J2E cells and MEL cells (Taxman & Wojchowski, 1995). These

include the identification of a positive regulatory domain (3a6 bp to -107 bp) in the murine

p-globin promoter n JZF- cells but not present in MBL cells, and differences in the

contribution of the CACCC and CCAAT elements to globin gene expression (Taxman &

V/ojchowski, 1995). These findings suggest that there may be distinct mechanisms

operating in these two erythroid cell lines. To investigate this further, similar transient

expression studies with AlAS2/reporter gene constructs should also be performed in the

JZE cell line and then compared with the data obtained in MEL and K562 cell lines.

Although preliminary attempts to detect activity of reporter gene constructs introduced in

J2E cells by electroporation were unsuccessful, transfection of reporter constructs has been

achieved in this cell line by "receptor-mediated transferrinfection" and this method could be

employed in future expression studies. JZE ce)Jlines that are stably transfected with ALAS2

gene/reporter constructs could be generated and these cell lines subsequently induced to

differentiate with Epo. Expression of the ALAS2/CAT reporter constructs during

differentiation could then be analysed and subsequently compared to those results obtained

in stably transfected MEL cells chemically induced to differentiate with MezSO. However,

time did not permit this aspect to be pursued during the course of the project.
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FOOTNOTES

The abb¡eviations used are: ALAS, 5-aminolevulinate synthase; EKLF, erythroid Krüppel-like factor;

BKLF, basic Krüppel-like factor; bp, base pair(s); kb, kilobase(s); MEL, murine erythroleukemia; PBS,

phosphate-buffered saline; Hepes, N-2-hydroxyethylpiperazine-M-2-ethanesulfoníc acid; RSV, Rous

safcoma virus; V, volt; TBP, TATA binding protein; PBGD, Porphobilinogen deaminase; GST,

glutathione S-transferase.
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ERRATUM

page3,line 19: "these cells become increasing specialised" should read

"these cells become increasingly specialised'

page 4,1ine 5:
.,The activation of the EpoR results in its rapid auto-phosphorylation"

should read "The EpoR is activated by JAK2'

page22,line 16: "yeast factors" should read "mammalian factors"

page31,line21:..Epo-inducedJ29cells''shouldread..FVAcells''

page 61,line 6:
,.Erythroid transformed cell lines" should read "Transformed erythroid cells"

page 69,line 18: "appropriate antibody" should read "appropriate antibiotic"

page 80,line 15
..Toeliminatethepossibleintroductionofrandomerrors,'shouldread

"To minimise the possible introduction of random errors"'

Figtre 3.1:
.,the percentage of hemoglobin cells relative to the total number of viable cells"

page109,line10:..erythroidmessages,'shouldread..erythroidmRNA',

page l23,line23 "to investigate the putative role of GATA-I" should read

"to investigate the role of GATA-I"

Figure 6.5: theEMsAisoverexposed.Laterexperimentshavedemonstratedthat

GATA-IbindstoGATA-AandGATA-Bwithasimilaraffinity.

Figure 6.7: The band marked * is not EKLF'




