
Regulation of Globin Gene Expression

by

Stephanie Claire Wright

PhD thesis 1985

Laboratory of Gene Structure and Expression 
National Institute for Medical Research 
Mill Hill, London

and

Dept. Biochemistry,
St. Mary’s Hospital Medical School 
Paddington, London



2

To my Parents



3

ABSTRACT

The human p-like globin gene cluster contains five genes, each of 
which is expressed in the erythroid cells at a specific stage of 
development. The e-globin gene is expressed in the early embryonic 
yolk sac, the y- and y-globin genes are active in the 
erythroid cells of the fetal liver, and the 8- and p-globin genes are 
expressed in the bone marrow of the adult. In order to determine 
whether the individual genes of the p-like globin gene cluster are 
independently regulated, and to localize the DNA sequences which 
regulate p-globin gene activation, cloned human globin genes were 
introduced by DNA mediated transfer into cultured murine 
erythroleukemia (MEL) cells. MEL cells are committed adult erythroid 
cells which are arrested at the proerythroblast stage of 
differentiation. They may be chemically induced to complete 
erythroid maturation, whereupon the mouse adult globin genes become 
activated. The expression of foreign globin genes during 
differentiation in MEL cells therefore provides a useful system in 
which to study gene regulation in erythropoiesis.

By introducing cosmids containing different regions of the 
human p-like globin gene cluster into MEL cells, it was shown that 
expression of the foreign human adult (P) but not fetal (y) or 
embryonic (e) globin genes was inducible during chemically triggered 
erythroid differentiation. The human p-globin gene was inducible 
when introduced as part of the intact p-like globin gene cluster or 
as a gene fragment containing only 1.5 kb DNA flanking the gene to 
the 5’ and 3 ’ sides. The expression of the human y-globin gene was 
simlarly unaffected by the presence of other regions of the human 
p-like globin gene cluster. The individual genes of the p-like 
globin gene cluster were therefore regulated differently and 
independently in MEL cells and the organization of the genes in a 
cluster did not influence their developmental-stage specific 
activation in this system; the specific activation in MEL cells of 
the human p-globin gene mimicked globin gene activation in adult 
type erythropoiesis.
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In order to localize the DNA sequences which regulate p-globin
gene activation, a series of rabbit p-globin gene mutants with
deletions in the 5' flanking DNA of the gene were introduced into MEL
cells. Not more than 58 bp DNA 5' to the transcription initiation
site was required for induction of the foreign rabbit p-globin gene
in MEL cells. In order to determine whether the regulatory DNA
sequences resided 5 f or 3' to the translation initiation codon of the
p-globin gene, hybrid genes were constructed between the inducible
human p-globin gene and either the noninducible human y-globin gene

foro*1or the noninducible mouse major histocompatibility H-2K° gene.
By analysing the induction of these hybrid genes during

N
differentiation in MEL cell transformants it was shown that the DMA 
sequences which regulate p-globin gene activation are located both 
5' and 3* to the translation initiation site.
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Abbreviations

DNA deoxyribonucleic acid
RNA ribonucleic acid
mENA messenger ENA
dNTP deoxynucleoside 5 '-triphoshate
dATP deoxyadenosine 5’-triphosphate
dGTP deoxyguanosine 5 '-triphoshate
dCTP deoxycytosine 5 ’-triphosphate
TTP thymidine 5 ’-triphoshate
GTP guanosine 5 '-triphoshate
CTP cytosine 5 '-triphoshate
ATP adenosine 5 ’-triphoshate
UTP uridine 5 '-triphoshate
ss single-stranded
ds double-stranded
bp base-pair
kb kilobasepair
nt nucleotide
O.D. optical density
rpm revolutions per minute

BPV bovine papilloma virus
BSA bovine serum albumin
CaCl2 calcium chloride
DMSO dimethylsulphoxide
DNasel deoxyribonucleasel
EDTA ethylenediaminetetra-acetic acid
PCS fetal calf serum
HC1 hydrochloric acid
HEPES N-2 hydroxyethylpiperazine N ’-2-ethanesulfonic acid
HMBA hexamethylenebisacetamide
HSV Herpes Simplex Virus
IYS intervening sequence
KAc potassium acetate
KC1 potassium chloride
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K2HP°4
k b 2p o4
LTR

dipotassium hydrogen orthophospate 
potassium dihydrogen orthophoshate 
Long Terminal Repeat

MEL murine erythroleukemia
MgClg
MgS04
MMTV

magnesium chloride 
magnesium sulphate 
mouse mammary tumour virus

MTX metallothionen
NaAc sodium acetate
Na„ citrate 6
NaCl

sodium citrate 
sodium chloride

NaoHP0 . 2 4
NaHoP0. 2 4
NaOH

disodium hydrogen orthophoshate 
sodium dihydrogen orthophoshate 
sodium hydroxide

NH^Ac
PCI

ammonium acetate
phenol:chloroform:isoamylalcohol (24:24:1,v:v:v)

PMSP phenylmethylsulfonyl fluoride
KNase ribonuclease
SDS sodium dodecyl sulphate
TK thymidine kinase
Tris tris(hydroxymethyl)aminomethane
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CHAPTER 1

INTRODUCTION

G-lobin gene expression is an ideal system in which to study tissue 

specific and developmentally regulated gene expression. The giobin 

genes encode the a-like and p-like protein subunits of the oxygen 

binding compound hemoglobin, which constitutes approximately 90% of 

the soluble protein in the circulating red blood cells of 

vertebrates. Due to the high levels of globin mRNA in the 

reticulocytes, the globin genes were among the first eukaryotic genes 

to be cloned, and are probably now the most well characterized genes 

with respect to structural organization, expression and evolution, 

ewlulluil. In addition, the analysis of a large number of naturally 

occurring mutant globin genes and the ability to study the 

transcription of in vitro mutated cloned genes in eukaryotic cell 

expression systems has led to the identification of the DNA sequences 

which regulate globin gene transcription and RNA splicing.

The globin genes become activated in the later stages of 

erythroid differentiation. The structure of both the a-like 

and p-like globin chains produced in the erythroid cell change at 

several stages during the development of the animal; these different 

developmental stage specific globin genes are found together in the 

respective a-like and p-like globin gene clusters. Probably the most 

important unanswered question in globin molecular biology is what is 

the mechanism that controls the activation and inactivation of the 

individual genes of the globin clusters at different stages of
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development. Experiments described in this thesis approach this 

problem by studying the regulation of expression of cloned human 

globin genes introduced into a mouse erythroleukeraia cell line which 

can be induced to undergo erythroid differentiation in culture.

Sections 1.1 and 1.2 of the introduction describe the 

regulation of erythroid differentiation in the normal animal and in 

the viral transformed murine erythroleukemia cell line. The 

developmental switches in globin gene expression are discussed in 

section 1.3. Section 1.4 describes the structure and transcription 

of the globin genes, and section 1.5 describes the methods for 

studying the transcription of cloned genes in eukaryotic cell 

expression systems.

1 .1 HEMATOPOIETIC DIFFERENTIATION

i The hematopoietic stem cell

All types of blood cell are derived from a common pluripotent 

hematopoietic stem cell, which can either proliferate and self-renew, 

or differentiate along alternate pathways to give rise ultimately to 

the erythrocytes, platelets, granulocytes, macrophages and 

lymphocytes (Figure 1; see Till and McCulloch, 1980 for review). 

Differentiation takes place via a series of intermediate wcommitted” 

precurser cells which progressively lose the capacity to proliferate 

and become more restricted in the type of blood cell to which they 

may give rise.

The pathways of hematopoietic differentiation have been
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characterized in the bone marrow, which is the major site of blood

cell formation in all adult vertebrates and contains the pluripotent

hematopoietic stem cells together with the different committed 
oprecursor cells. The stem cells represent only a minor subpopulation 

of the cells in hematopoietic tissue, and were originally 

functionally identified using the ”spleen colony formation assay” 

devised by Till and Me Culloch (1961). In these assays, bone marrow 

cells were injected into a lethally irradiated host mouse (i.e. one 

whose hematopoietic system had been destroyed) and then shown to 

colonize the spleen so as to produce nodules containing all types of 

blood cell. The clonal origin of the nodules was confirmed by injecting 

irradiated bone marrow cells which had chromosome abnormalities, and 

the founder cells of the clones were presumed to be the pluripotent 

hematopoietic stem cells. The proliferation and differentiation of 

hematopoietic stem cells may be studied in long term bone marrow 

cultures in which hematopoiesis occurs within a bone-marrow derived 

adherent multilayer consisting of endothelial, fibroblastic, fat, and 

macrophage cells (see Dexter, 1982 for review). Hematopoiesis in 

these cultures is influenced by the stromal cells both via direct 

cell-cell contact and by the action of secreted inhibitory and 

stimulatory molecules. Preferential differentiation of the 

hematopoietic cells along most of the different lineages may be 

achieved by using specific culture conditions; this is thought to 

operate via facilitation of the proliferation and differentiation of 

particular committed precursor cells rather than by causing the 

preferential committment of the pluripotent stem cells to a given 

lineage. The way in which the determination of the pluripotent stem
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cells to one or other of the hematopoietic differentiation lineages 

is controlled remains largely unclear and is generally explained as a 

purely stochastic process (Korn et al.t 1973).

ii Erythroid differentiation

The later stages of hematopoietic differentiation have been 

elucidated by analysing the colonies formed from bone marrow cells 

after their dispersal in culture. The use of specific culture 

conditions favours the proliferation and differentiation of a given 

type of hematopoietic precurser cell, thus giving rise to pure 

colonies of erythroblasts, macrophages, or one of the other blood 

cell types (see Metcalf, 1977 for review). These studies lead to the 

identification of specific hematopoietic precurser cells and to the 

discovery of the obligatory role of glycoprotein factors in erythroid 

differentiation. The formation of erythroblast clones in such assays 

required the presence of the glycoprotein hormone erythropoietin, and 

by dispersing the bone marrow cells in different concentrations of 

the hormone, a series of erythroid precurser cells with differing 

sensitivity to erythropoietin were discovered (Figure 1; Eliason et 

al., 1979; Iscove et al.. 1974, 1980). Thus, the CFU-E (erythrocyte 

colony forming unit) is a late committed erythroid precurser cell; it 

is very sensitive to erythropoietin, has a limited proliferation 

capacity, and gives rise to erythroblasts after 6 cell divisions or 

less (Iscove et al.. 1974, 1980). Dispersal of bone marrow cells in 

low concentrations of erythropoietin results in proliferation of 

these CFU-Es to yield erythroblast colonies containing less than 60

cells after 2 days. In contrast, the BFU-Es (erythrocyte burst
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forming unit) are an earlier erythroid precurser cell; they have a

higher proliferative capacity than CFU-Es and are less sensitive to

erythropoietin (Axelrad et al.. 1973). Culturing of dispersed hone

marrow cells in high concentrations of erythropoietin leads to the

proliferation and differentiation of these BPU-Es and gives rise

colonies containing up to 5000 cells after 9 days. Such in vitro

studies therefore explained the mechanism whereby erythrocyte

production is stimulated in the animal by release of erythropoietin

from the kidney under conditions of erythrocyte shortage.

Proliferation of the BPU-Es is also controlled by the factor BPA

(Johnson and Metcalf, 1977); during the transition from BPU-E to

CPU-E, the erythroid precursers become progressively less sensitive

to BPA and more sensitive to erythropoitein (Figure 1). Similar in

vitro studies have defined a role for glycoprotein factors in

the regulation of other hematopoietic differentiation lineages. For

example, the GM-CSF factor, which has been recently cloned (Gough et

al., 1984), promotes granulocyte and macrophage formation (Burgess et

al., 1977). Factors which control different differentiation pathways

do not compete for the same target cell; they act on separate 
ocommitted precursor cells rather than on the pluripotent stem cells 

(Metcalf and Johnson, 1979).

Erythropoietin stimulates the differentiation of the early 

erythroid precurser cells through to the proerythroblast stage; 

further maturation of the proerythroblast to erythroblast results in 

a decrease in both proliferative capacity and sensitivity to 

erythropoietin, and during this transition many of the characteristic 

erythroid markers become apparent (Figure 1; section 1.2ii). The
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globin genes become transcriptionally activated and levels of globin 

mENA reach more than 25,000 molecules per cell by the stage of the 

orthochromatic erythroblast. Most of the polyA+ ENA in the 

enucleate reticulocyte is globin mENA, and hemoglobin is the major 

protein in the mature erythrocyte. The accumulation of globin mENA 

results from an increase in both the transcription of the globin 

genes and in the relative stability of globin mENA (discussed further 

in section 1.2ii). These terminal stages of erythroid maturation 

therefore constitute an ideal system in which to study tissue 

specific gene activation.

1.2 MUEINE EEYTHEOLEUKEMIA CELLS

Murine erythroleukemia (MEL) cells are Friend virus transformed 

erythroid cells which are arrested at the proerythroblast stage of 

differentiation (for review see Harrison, 1977). Cultured MEL cells 

may be induced to complete erythroid maturation by treatment with a 

variety of chemicals such as dimethylsulphoxide (DMSO) or 

hexamethylenebisacetamide (HMBA). This chemicallly triggered 

maturation closely resembles normal erythroid differentiation and 

results in an accumulation of mouse adult-type globin mENA in the 

differentiated cell. Chemically induced differentiation of MEL cells 

is therefore a useful model system in which to study gene regulation 

during the later stages of erythroid differentiation. The more 

recent isolation of cell lines arrested at the BFU-E and CFU-E stages 

(Shibuya and Mak, 1983) will similarly enable analysis of these
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earlier stages of erythroid differentiation.

i Isolation and characteristics of MEL cells

Friend erythroleukeraia virus (FV-A) was first identified in cell free 

extracts of Ehrlich ascites carcinoma cells (Friend 1957). Passage 

of the extracts in certain strains of mice produced an anemia and 

accumulation of erythroid precursers in the spleen, resulting in 

erythroblastosis in the peripheral circulation and culmination of the 

disease in a fatal leukemia. Subsequently, variants of the virus 

were isolated which produced a leukemia in association with 

polycythemia (FV-P virus; Mirand et al.. 1961).

Several distinct phases in the course of Friend virus induced 

erythroleukemia have been identified. The erythroid precursers 

proliferating in the spleen in the early stages of the disease 

continue to differentiate, show no obvious chromosome abnormalities, 

and are not malignant (Majumdar and Bikender, 1975; Matioli, 1973). 

Later, the proliferating cells become blocked at the proerythroblast 

stage of differentiation, and tumor cells showing chromosome 

abnormalities appear in the spleen, peripheral blood, bone marrow and 

liver. At this stage the erythroid cells are capable of unlimited 

growth outside the normal hematopoietic environment, and subcutaneous 

tumours may be formed from transplants of infected spleen (Friend and 

Haddad, 1960). Cell lines may be established either from fragments 

of late-stage infected spleen or from the transplanted subcutaneous 

tumors (Friend et al.. 1966; Dube et al., 1973); growth of these 

cultured MEL cells is independent of the normally essential stromal

cell environment (section 1.1i) .
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The mechanism whereby Friend virus causes proliferation of 

erythroid precursers has been elucidated both by studying the in
ovitro proliferation and differentiation of hematopoietic precursor

cells taken from the spleens of virally infected mice, and by

studying the in vitro infection of hematopoietic cell populations by

Friend virus. Such analysis has shown that the FV-A and FV-P viruses

cause erythroproliferation by different mechanisms; FV-P acts by

allowing erythroid precursors (probably late BFU-Es and CFU-Es) to

proliferate independently of erythropoietin (Liao and Axelrad, 1975;

Hankins and Krantz, 1975), whereas FV-A results in abnormal growth

regulation of the early BFU-E compartment, with the CFU-Es remaining

under erythropoietin control (Fagg et al.. 1980). The virus thus

affects the committed erythroid cells rather than the stem cell per

se; changes in other hematopoietic compartments merely result from

indirect feedback responses due to changes in numbers of erythroid 
oprecursors, the decreased lifetime of mature blood cells because of 

the viral infection, and the immune response directed against virus 

infected cells. Tumour colonies arise as rare events in the 

proliferating cell population; these final erythroleukemic cells are 

thought to derive directly from the proliferative cells stimulated 

early in the course of the disease rather than independently.

The way in which Friend erythroleukemia viruses cause growth 

factor independent erythroproliferation is still unknown. Friend 

virus is an RNA tumor virus comprising a defective replication 

incompetent component and a helper replication competent one 

(Bernstein et al.. 1977). The defective virus has been implicated

directly in the proliferation and malignant transformation, although
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the involvment of a specific viral gene has not been established. 

Several well defined mouse genes affect both the susceptibility to 

Friend leukemia virus and the types of hematopoietic modulation 

caused. Some of these genes have also been shown to influence normal 

hemopoiesis, e.g. the Fv-2 locus was originally discovered as 

affecting susceptibility to FV-A virus and has since been shown to 

control the release from the stromal cells of a factor which 

regulates BFU-E cycling. There is thus a close relationship between 

the control of normal- and Friend virus induced- erythropoiesis.

ii Differentiation of MEL cells

Cultured proerythroblast MEL cells can be induced into the terminal 

stages of erythroid maturation by treatment with chemicals such as 

dimethylsulphoxide (DMSO; Friend et al.. 1971) and hexamethylenebis- 

acetamide (HMBA; Reuben et al.. 1976). The process of MEL 

differentiation closely resembles the differentiation of normal 

proerythroblasts to orthochromatic erythroblasts as judged by the 

appearance of characteristic erythroid markers e.g. spectrin, 

glycophorin, heme synthetic enzymes, globin mRNA, and by 

morphological criteria, e.g. chromatin condensation (Ross et al.. 

1972; Nudel et al.. 1977). Differentiation to the enucleate 

reticulocyte may be achieved by using improved culture conditions 

which stabilize the cells (Yolloch and Housman, 1981). The isolation 

of MEL mutants that are inducible for early erythroid markers e.g. 

spectrin, but not for late characteristics, e.g. hemoglobin 

production and terminal differentiation, is enabling erythroid 

differentiation to be dissected into component processes (Eisen et



23

al., 1978).

The increase in the levels of globin mRNA observed upon 

differentiation of MEL cells is mainly a result of increased 

transcription of the globin genes (Orkin and Swerdlow, 1977), but is 

probably also due to an increase in the relative stability of globin 

mRNA. This change in relative mRNA stability is due to a decrease in 

stability of non-globin mRNAs upon differentiation; the half-life of 

globin mRNA itself (> 60 hours) does not change (Aviv et al.. 1976; 

Volloch et al.. 1981). Most MEL cell lines show an accumulation of 

adult but not embryonic type globins upon differentiation (Nudel et 

al., 1977); this is thought to reflect the "adult” nature of the 

erythroid environment in the MEL cells which were derived from an 

adult mouse. Interestingly, different inducers will preferentially 

activate one or other of the adult type mouse p-globin genes (see 

Figure 3). For example, DMSO induction results in preferential 

induction of the p-major versus the p-minor globin gene, whereas 

hemin induction results in preferential activation of the p-minor 

gene (Nudel et al., 1977; Curtis et al.. 1980). The wide variety of 

chemical inducers now known do not share common chemical properties, 

and the isolation of MEL mutants by virtue of their resistance to 

certain inducers has shown that they do not all act by a common 

pathway (Harrison, 1977). Inducers have been categorized into two 

classes on the basis of whether they act via a mechanism involving 

polyamine synthesis, although the mechanism whereby they trigger the

differentiation is unclear (Gazitt and Friend, 1980).
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1.3 DEVELOPMENTAL SWITCHES IN GLOBIN GENE EXPRESSION

i Changes in site of erythropoiesis

Activation of the globin genes takes place in the later stages 

of erythropoiesis during the transition of the proerythroblast to 

erythroblast (section 1.1ii; Figure 1). Both the site of 

erythropoiesis and the specific types of globin chain produced in the 

erythroid cell change during development of the animal in all 

vertebrate species (see Wood and Weatherall, 1983 for review). 

Erythropoiesis in mammals and birds begins in the yolk sac derived 

erythrocytes and then passes to the developing fetal liver; this 

switch occurs at about 6 weeks gestation in man. Blood cell 

formation in the fetus also takes place to a lesser extent in the 

spleen and bone marrow. At 32-36 weeks gestation, erythropoiesis 

switches to the bone marrow, which remains the major site of blood 

cell formation throughout adult life. In mammals, these 

developmental changes are thought to result from migration of 

hematopoietic stem cells from one organ to another, rather than 

being due to de novo differentiation events in the developing tissues 

(Moore and Metcalf, 1970; Johnson and Moore, 1975). In birds, 

however, there is evidence for an intraembryonic origin of post 

yolk-sac hemopoiesis (Martin et al.. 1980; Dieterlen-Lievre and 

Martin, 1981). The mechanism by which the hematopoietic cell

migration is triggerred and controlled remains unknown.
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ii Developmental changes in globin structure

Hemoglobin proteins are tetramers comprising 2 a-like and 2 p-like 

subunits; the types of both a-like and p-like subunits produced in the 

erythroid cell change at several stages of development. In man, there 

are two developmental switches in a-like chain synthesis and 152- 

switches in p-like chain synthesis (Figure 2). The developmental 

stage specific types of p-like subunit are the e (embryonic), y 

(fetal), and 8 and p (adult) chains; the a-like subunits are the £ 

(embryonic) and a (adult) chains. In most other species, there are 

only two developmental types (embryonic and adult) of both a-like and 

p-like chains. The earliest embryonic hemoglobin in man has the 

structure CgSg (Gale et al., 1979). and after about 6 weeks 

gestation, this is replaced by the fetal hemoglobin HbF (a2 Y2» 

Schroeder et al.. 1968, 1972). During the embryonic to fetal 

transition period, a0e0 and £ y are also found. HbF 

is the predominant hemoglobin throughout fetal life and is replaced 

just before birth by HbA (cigPg) and HbA^ (a282)*

Throughout adult life, 97% of hemoglobin is HbA, 2% is HbA , and
C t

1% is HbF. In man, the a-globin chains are the products of 2

non-allelic genes, a1 and a2, whose protein products have the same

amino-acid sequence; the a1/a2 ratio is 1.5-3:1 and does not change

during development (Liebhaber and Kan, 1981; Orkin and Goff, 1981).

The y-globin chains are similarly the products of the non-allelic 
A Gy- and y-globin genes, whose protein products differ by only 

G A1 amino-acid; the y: y ratio in the fetus is 3:1 (Nute et

al., 1973). During development, the synthesis of a-like and p-like

subunits has to be coordinated, since an excess of one type of chain
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results in their precipitation in the erythrocyte; this is probably 

achieved by regulation at both the transcriptional and translational 

level.

All of the HbP found in adult man is confined to the P cells, 

which constitute 3% of mature erythroid cells (Wood et al. 1975). 

Increased levels of HbP in adult life may result from genetic 

defects in the p-globin gene cluster or from a response to a wide 

variety of conditions which are associated with acute erythroid 

expansion (Dover et al.. 1979) or with a deficit in functioning stem 

cells or erythroid progenitors (Papayannopoulou et al.. 1980). In 

these latter cases, an acute demand on the precurser population or a 

reduced population results in alteration of the normal proliferation 

and maturation pattern of red cells, which then synthesise HbP 

(Papayannopoulou et_al., 1977; Stamatoyannopoulos and 

Papayannopoulou, 1978). In some diseases e.g. p-thalassemic 

homozygotes (section 1.4viii) an imbalance in the a/P chain ratio 

results in destruction of the normal blood cells due to precipitation 

of the excess globin chains; this may lead to an elevation in HbP 

levels due to the selective survival of P cells (Weatherall et al., 

1976).

The mechanisms which regulate the developmental switches in 

globin gene expression have been studied 1 ) by analysing the 

structure of globin DNA and chromatin at different stages of 

development 2) by analysing the expression of cloned globin genes 

introduced into cultured erythroid cells (section 1.6) 3) by 

determining the nature of the lesion at the molecular level in 

genetic disorders of globin gene switching (e.g. the thalassemias and
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HPFH, section 1.4viii) 4) by transplantation of fetal erythroid cells 

into an adult environment and vice versa and 5) by the clonal culture 

and differentation of erythroid precurser cells in vitro.

The fact that the switch from y-globin to fJ-globin synthesis 

occurs simultaneously in all fetal hematopoietic tissues (spleen, 

bone marrow and liver) suggests that it is not controlled by the site 

of erythropoiesis (Wood and Weatherall, 1973); it has also been 

demonstrated that the switch is not influenced by severe endocrine 

perturbations (Wood et al.. 1978). In order to distinguish between 

autonomous programming of hematopoietic cells and the influence of 

extracellular inducers, fetal hematopoietic cells were 

transplanted into irradiated adult sheep; after transplantation, the 

fetal cells switched to adult globin synthesis, although the time at 

which they did so depended on their gestational age, suggesting that 

the pattern of hemoglobin production was intrinsic to the 

hematopoietic cells but was modulated by extracellular influences of 

the adult environment (Zanjani et al.. 1979; Bunch et al., 1981). In 

the converse experiment, adult cells transplanted into a fetus did 

not make fetal hemoglobins or fetal antigens, suggesting that they 

had already become irreversibly programmed and were not influenced by 

the fetal environment (Zanjani et al.,1982; Blanchet et al.,

3982; section 1.4vi,vii).
oStudies of the clonal culture of erythroid precursor cells in 

vitro have shown that the switch from fetal to adult globin gene 

expression occurs within single cells rather than via the selection 

of cells already programmed to make one or other type of globin. In 

these cultures, erythroid stem cells proliferate and differentiate to
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form single-cell origin colonies derived from erythroid precurs&r 

cells at various stages of differentiation (usually CPU-Es and 

BFU-Es; section 1.1ii). The ratio of adult/fetal hemoglobin 

synthesis in these colonies reflected the developmental stage from 

which the precurser cells were taken, e.g. fetal erythroid 

progenitors differentiated in culture to produce colonies in which 

>95% of the globin synthesized was HbP. Cells taken from cord blood 

during the fetal-adult switch produced equal amounts of HbA and HbP 

(Kidoguchi et al.. 1978, Stamatoyannopoulos et al.. 1979). The
oHbA/HbP ratio in individual colonies derived from single precursor

cells covered a wide range (Kidoguchi et al.. 1978; Comi et al..

1980), indicating that the modulation of globin synthesis during the
oswitch occurs within single precursor cells and not via selection of 

clones already programmed to make only HbA or HbP. This is 

consistent with the observation that HbP and HbA are found in the 

same cell in the cord blood during the switch. In vitro culture of 

erythroid precurser cells has also been used to isolate factors which 

might mediate globin switching, and an activity which accelerates the 

HbP to HbA transition in neonatal human BPU-Es has been identified in 

fetal sheep serum. This factor also effected the HbP to HbA switch 

in erythroid precurser cells from a patient with Hereditary 

Persistance of Petal Hemoglobin patient (in this disease, y-globin 

gene expression persists in vivo throughout adult life; section 

1.4viii). This might indicate that the defect in this HPPH 

patient was one of interaction of the y-globin gene with trans acting 

repressors, with this defect being overcome by high levels of the 

factor in the in vitro assay (Papyannopoulou et al.. 1982, 1984).
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1 .4 GLOBIN GENE STRUCTURE AND EXPRESSION

The globin genes were among the first eukaryotic genes to be cloned 

and characterized. Early structural analysis of these genes showed 

firstly that they were interrupted by introns and secondly that the 

globin genes were organized in gene clusters, each of which contained 

several different developmental stage specific genes. More extensive 

characterization of the structure and expression of globin genes 

from a wide variety of species and from patients with inherited 

disorders in globin gene expression is now providing information 

about the evolution of these gene families and about the regulation 

of globin gene expression.

i Globin gene linkage

The first evidence suggesting that the human p-like globin genes were 

linked was obtained from structural analysis of hemoglobin variant 

proteins which comprised hybrid globin chains e.g. the Hb Lepore 

protein contained the N terminal sequences of the 8-globin chain 

joined to the C terminal sequences of the p-globin chain (Baglioni, 

1962), and likewise Hb Kenya contained the N-terminal sequences of
Athe y-globin chain fused to the C-terminal segment of the

p-chain (Huisman et_al., 1972). Genetic studies of families with
Athese variant proteins suggested that the y, 8 and p-globin 

genes were closely linked, and this was later confirmed by genomic

blotting (Flavell et al.. 1978; Little et_al., 1979), and by the
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isolation of clones containing overlapping regions of the p-like

globin gene cluster from genomic libraries (Ramirez et al., 1979;

Fritsch et al.. 1979, 1980; Lawn et al.. 1978). The human p-like

globin gene cluster is organized 5 ’-e-^y-^y-5 -p-3 »f with all

the genes being transcribed from the same DNA strand (Figure 3). The

genes are arranged along the chromosome in the order of their

expression during development, and those genes which are expressed
Gtogether at a given developmental stage (e.g. 8 and P; y and 

Ay) are found in pairs. A similar pattern of gene linkage is 

also found in the human a-like globin gene cluster (Figure 3; Lauer 

et al.. 1980). The human a-like and p-like gene clusters have been 

shown by cell fusion studies to be located on chromosomes 16 and 11 

respectively (Deisseroth et al.. 1977, 1978). The human p-like gene 

cluster has more recently been assigned to the short arm of 

chromosome 11, lying between the parathyroid hormone and insulin loci 

(Antonarakis et al.. 1983).

The globin genes of other species are similarly arranged in 

clusters, although the organization of the different developmental 

stage specific genes within the cluster varies (Figure 3). In 

amphibians, the a-like and p-like globin genes are syntenic, with the 

larval genes flanking the adult ones (Hosbach et al.. 1983). In 

birds, the a-like and p-like clusters are no longer linked, but within 

the p-like cluster, the embryonic genes still flank the adult and 

neonatal ones (Engel and Dodgson, 1983; Dolan et al.. 1981). In 

rodents and primates, the arrangment of the genes tends to match the 

order in which they are expressed during development, although the

sizes of the cluster vary considerably among species e.g. the brown
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lemur has only one p-like globin gene for each of the embryonic, 

fetal, and adult stages of development, and the entire cluster is 

contained within 25kb, as compared with the 50kb p-like globin gene 

cluster in man (Barrie et al.. 1981). Globin gene organization in 

goats is quite different, with the gene cluster having arisen as a 

result of triplication of a basic group of four genes; the 

developmental patterns of globin production are, however, similar to 

those found in primates (Lingrel et al.. 1983; Schon et al., 1981; 

Townes et al.. 1984). Interestingly, genes which are structurally 

homologous between species may be expressed at different stages of 

development e.g. the rabbit P3 gene codes an embryonic globin chain, 

but is structurally homologous to the human y-globin genes which are 

expressed in the post-embryonic stages (Hardison, 1981).

The intergenic regions of the globin gene clusters are large 

compared with the size of the genes themselves, and much of this 

intergenic DNA is repetitive (Shen and Maniatis, 1980). These repeat 

structures have been mapped in the human and rabbit loci; the 

position of some repeats have been conserved through evolution, while 

others are specific to only one species. The function of repeat 

sequences in the genome is unclear; previous data have described 

their genomic distribution and differential transcription during 

development (see Davidson and Britten, 1979 for review), and it has 

been suggested that they may play a role in controlling differential 

gene expression, DNA replication or chromatin structure. The 

presence of repeats within the globin cluster will, however, enable 

their study in relation to a well-defined set of developmentally

regulated genes.
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The organization of eukaryotic genes into clusters is now 

recognised as a widespread phenomenon, and there are many eukaryotic 

gene families in which several structurally and functionally related 

genes are closely linked e.g. the alphafetoprotein and albumin genes 

in mouse (Ingram et al.. 1981), the Major Histocompatibility Gene 

Complex in mouse and man (Steinmetz et al.. 1982). Such gene 

families are thought to have arisen from a single primordial gene via 

gene duplication, with divergence of the duplicated sequences 

yielding gene products of different function. The evolutionary 

relationships between the genes of the p-like globin cluster in man 

have been calculated by comparing the nucleotide sequence divergence 

between the coding sequences of the genes (Efstradiatis et al..

1980). The a- and p-globin genes are thought to have duplicated from 

an ancestral gene 500 million year ago i.e. at the time in evolution 

between the appearance of the amphibians and birds. Subsequently, 

the two gene clusters evolved independently by gene duplication, 

correction and divergence. More recently, the different 

developmental stage specific genes of the a- and p-like gene clusters 

evolved. Interestingly, the embryonic a- and p-like globin genes 

diverged from their adult counterparts at different times, with the 

a-cluster divergence occuring 400 million years ago, and that of the 

p-cluster being 200 million years ago (Proudfoot et al.. 1982).

Thus, although the temporal expression of the £- and e-globin genes is 

coordinately controlled in development, their evolutionary histories 

are distinct, and the mechanisms which control gene switching within 

the two gene clusters may be different. The fetal-embryonic

divergence within the p-globin gene cluster took place about 100
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million years ago, i.e. at the time of mammalian radiation, 

ii Globin gene fine structure

The development of techniques for genomic blotting and the subsequent 

comparison of restriction enzyme maps of the globin genomic and cDNA 

led to the discovery of introns within the mouse and rabbit globin 

genes (Jeffreys and Flavell, 1977; Tilghman et al., 1978). This was 

later confirmed by DNA sequence analysis of cloned chromosomal globin 

genes. Introns have since been found in a wide variety of eukaryotic 

genes, including plant, organelle, and viral DNA. Eukaryotic genes 

that are not split are relatively rare, with well documented examples 

of intronless genes including the interferon genes (Nagata et al.. 

1980) and most of the histone genes (Kedes, 1979; Hentschel and 

Birnstiel, 1981). Nearly all the globin genes from every species 

examined to date possess two introns; these introns are always found 

in the same relative position although they are variable in length 

(Figure 4). All the a-like and p-like globin genes have a small 

intron of 100-190 bp between codons 30 and 31 (Lawn et al.. 1980).

The p-like globin genes have a large intron of 573-930 bp between 

codons 104 and 105, whereas the a-like genes have a smaller large 

intron of 140-339 bp which lies between codons 99 and 100. 

Exceptionally long introns (886 and 239 bp) are found in the human 

a-like £-globin gene (Proudfoot et al.. 1982). Similarly, the 

myoglobin gene, which encodes a monomeric globin protein responsible 

for oxygen binding in the muscle, has exceptionally long introns in 

both seal (4.8kb and 3.4kb; Blanchetot et al.. 1983) and man; the

myoglobin gene is thought to have diverged from the hemoglobins about



34

600-800 million years ago. The structure of the soybean leghemoglobin 

gene, which encodes a monomeric globin (Ostergaard-Jensen et al..

1981), is also different from that of other globin genes in that it has 

an "extra" third intron between codons 68 and 69. DNA sequence 

analysis has shown that the globin gene introns diverged much more 

rapidly than the coding sequences due to the occurence of base 

substitutions and insertions/deletions. A similar high rate of intron 

sequence divergence has been found in other gene families e.g. the 

ovalbumin genes in chicken (Breathnach and Chambon, 1981) and the 

vitellogenin genes in X.laevis (Wahli et al.. 1980).

The evolution and function of introns has been the subject of 

much speculation. As in many systems, the positions of the introns 

within the globin genes correlate with discontinuities in the protein 

molecule that mark the boundaries of functional domains (Gilbert,

1978). Thus, the central exon of the globin gene encodes the region of 

the protein which makes most of the heme contacts, while the 3rd exon 

codes the region which makes most of the a-0 subunit contacts 

(Craik et al.. 1980). Protein sequence analysis of the globins 

suggested that the central domain might be constructed from two 

subdomains; the position of this boundary correlates with the 

position of the 3rd intron in the leghemoglobin gene. Similar 

exon-domain correlations are found in many systems e.g. the Ig 

subdomains are encoded on separate exons (Sakano et al.. 1979). This 

has suggested that the intron-exon structure might have had an 

important role in evolution by allowing the DNA sequences coding 

protein subdomains to be joined to make proteins with novel

properties. It should be noted that some of the exon-domain
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correlations (e.g. the a-p contact residues specified by exons 1 and 

3, and the Bohr effect residues specified by exon 3) relate only to 

the tetrameric hemoglobins, and must have evolved long after the 

basic exon-intron structure of the globin genes, which is also found 

in the monomeric globins, had been established (Blanchetot et al.. 

1983).

Globin gene introns may also have played a role in evolution 

by allowing gene correction mechanisms to prevent gene loss by 

mutational inactivation. The 5' two-thirds of the large intervening
Asequence of the y-globin gene of the 2 allelic chromosomes show

A Gmuch less sequence homology than do the y- and y-globin 

genes from the same chromosome (Slightom et al.. 1980), suggesting 

that the intron sequence conservation was due to intrachromosomal 

recombination which was possibly mediated via a (TG)^ stretch in 

the intron. A similar phenomenon has also been observed for the two 

nonallelic a-globin genes in man.

A number of nonfunctional genes (pseudogenes) which are 

structurally related to a specific functional globin gene have been 

found within the globin gene clusters of many species (Figure 3).

They were detected by genomic blot hybridization and had previously 

been undetected because of their lack of production of functional 

protein. Each of the pseudogenes shows 70-80% sequence homology with 

its corresponding normal gene, and may be defective for a number of 

different reasons. For example, the human pseudo a1 globin gene is 

homologous to the adult a-gene but has a 20 nucleotide deletion in 

the middle of the gene that puts the coding sequence out of phase 

(Proudfoot and Maniatis, 1980); pseudo £ is homologous to the
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embryonic £ a-like globin gene but has a termination codon at 

aminoacid 6 (Proudfoot et al.. 1982). Some pseudogenes have the 

properties of a "processed" gene, i.e. they have precisely lost their 

introns and have acquired a characteristic polyA sequence 

(which is added post-transcriptionally to mRNAs) in the 3' flanking 

region of the gene. Thus the mouse a-globin pseudogene is 

intronless, has a poly A sequence in its 3' flanking region, and is 

found on a different chromosome from the mouse a-globin gene cluster 

(Nishioka et al.. 1980; Vanin et al.. 1980); "processed” genes have 

also been found in other gene families e.g. tubulin, immunoglobulin 

(Hollis et al.. 1982; Wilde et al. 1982). It has been suggested that 

such processed genes arose by reverse transcription of an intronless 

and polyadenylated mRNA copy of the gene; this might occur via 

insertion of the gene into a retroviral genome, which replicates via 

an RNA intermediate, thus leading to the loss of introns from any 

gene it contained. The feasibility of the retroviral insertion model 

has been suggested by cloning the functional mouse a-globin gene into 

a retroviral vector and finding an intronless globin gene in the 

progeny virus (Shimotohno and Temin, 1982).

iii The globin gene transcription unit

The primary transcript of the globin gene was originally shown by 

pulse labelling of nuclear RNA transcripts to be colinear with the 

gene and to contain both introns (Curtis and Weissman, 1976). The 5* 

end of this earliest transcript coincided with the first capped 

nucleotide of the mature mRNA, suggesting that transcription 

initiation was at the position corresponding to this nucleotide. SI
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nuclease mapping of RNA isolated from rabbit bone marrow has shown 

that the precursor RNAs are spliced via the stepwise removal of both 

introns, with poly A addition preceding RNA splicing (G.Grosveld et 

al.. 1981a). The precise position of transcription termination in 

globin and other eukaryotic genes which yield polyadenylated 

transcripts has not been well characterized, although transcription 

of the mouse p-major globin gene has been shown to terminate at a 

specific site located 1400+/-100 bp downstream from the poly A 

addition site (Hofer et al.. 1982).

iv The globin gene promoter

Comparison of the DNA sequences of the 5’flanking region of a large 

number of genes revealed nucleotide sequence homologies which were 

therefore presumed to play a role in transcription initiation. Thus, 

the ATA box, whose consensus sequence is GTATA(A/T)A(A/T)G is found 

30 bp 5* to the mRNA cap site (Goldberg, 1979; Breathnach and 

Chambon, 1981) and the CAAT box, whose consensus sequence is GGCAAT 

is found 70-80 nucleotides 5’ to the cap site (Benoist et al.. 1980; 

Efstradiatis et al.. 1980). Other conserved sequences which are 

specific to a given gene family have also been recognized e.g. 

conserved sequences in the 5* flanking DNA of the histone genes 

(Busslinger et al.. 1979). The importance of these conserved 

sequences in the expression of globin and other genes has been 

confirmed by studying the expression of in vitro constructed mutants 

introduced into eukaryotic cell expression systems. Mutation of the 

ATA- or CAAT-box regions reduced the efficiency of correct

transcription initiation of many genes including the rabbit p-globin
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gene (G.Grosveld et al., 1981b, 1982a,b), and the Herpes Simplex 

Virus thymidine kinase gene (HSV tk; McKnight et al.. 1981; McKnight,

1982). The ATA box was shown to direct the site at which 

transcription initiated, since deletion of DNA sequences between the 

ATA box and cap site lead to the use of downstream transcription 

initiation sites (G.Grosveld et al.. 1981b, 1982a). Studies on the 

expression of in vitro constructed mutant genes also lead to the 

identification of another conserved element, the -90 box, which is 

located 80-100 bp 5’ to the transcription initiation site and which 

has been shown to be essential for the transcription of the rabbit 

p-globin (G.Grosveld et al.. 1982b) and HSV tk genes (McKnight et 

al., 1981). The 5* flanking region of the globin genes share other 

conserved sequence elements which are absent from non-globin genes; 

it has been suggested that these may be important in controlling 

specific expression of the globin genes in erythroid tissue 

(Moschonas et al.. 1982).

Transcription of the e-globin gene has recently been shown to 

initiate at several positions within the 4.5 kb region upstream of 

the normal major initiation site (Allan et al.. 1982,1983). About 

10-15% of s-globin transcripts in purified erythroblasts from first 

trimester embryos initiate from these upstream sites, although their 

significance is unclear and no upstream initiation sites have been 

found in other globin genes. Multiple transcription initiation sites 

have been identified in several other genes; for example, 

transcription of the rat a-amylase gene initiates at different 

positions in the liver and salivary gland so as to generate 

alternately spliced transcripts (Young et al.. 1981), and
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transcription of the chicken skeletal muscle myosin L chain gene 

similarly initiates at two sites to form RNAs which are processed by 

different modes and which yield two distinct proteins (Nabeshima et 

al., 1984).

v Globin gene splicing and transcription termination

Compilation of the DNA sequences found at exon-intron boundaries of a 

number of genes revealed a sequence conservation, with the 5' 

exon-intron (donor) site having a consensus sequence 

5' (C/A)AG*GT (G/A)AGT 3* and the 3’intron-exon boundary (acceptor) 

having the consensus sequence 5 f(Py)6 N(T/C)AG*G 3’ (Breathnach et 

al., 1978; Breathnach and Chambon, 1981; * represents the site of 

splicing). These sequences are thought to reflect the requirments 

for recognition, cleavage and ligation of pre-mRNA by the splicing 

enzymes. This recognition is thought to involve small nuclear 

ribonucleoproteins, and the 5 ’ end of U1RNA, which is one of the most 

abundant snRNAs, shows sequence complementarity to the exon-intron 

and intron-exon boundaries (Lerner et al.. 1980). The importance of 

these conserved boundary sequences has been analysed by studying the 

expression of in vitro constructed mutant globin genes after their 

introduction into eukaryotic cell expression systems (Wieringa et 

al., 1983). By mutating each nucleotide at the 5* splice site of the 

rabbit p-globin gene large intervening sequence, it was shown that 

all mutations reduced the efficiency of ENA splicing but that 

mutation of the first position of the intron (converting GT to AT) 

had the greatest effect. Mutation of the normal splice signals

sometimes lead to the use of alternative splice sites within the
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first exon which had sequence homology with the consensus splice site 

sequence. A number of thalassemic globin genes have been found to 

have point mutations at splice site junctions and undergo aberrant 

splicing both in the patient in vivo and upon transient expression of 

the cloned gene (Busslinger et al.. 1981; Treisman et al.. 1983; 

section 1.4viii). Comparison of three thalasemias with point 

mutations in the first intervening sequence 5' splice site has shown 

that the mutation with the greatest effect on RNA splicing was at the 

first position of the intron; the data obtained from expression of in 

vitro constructed mutant genes therefore agree with the observed 

effect of the naturally occurring thalassemic mutations (Treisman 

et al.. 1983).

Little is known about the control of transcription termination 

in eukaryotes. The formation of non-polyadenylated 3' ends of the 

histone gene transcripts requires the formation of a hairpin loop 

structure at the 3' end of the primary transcript (Birchmeier et al..

1983), although no such requirment for polyadenylated transcripts has 

been shown. The recognition site for endonucleolytic cleavage of the 

precurser RNA and for polyA addition is thought to be the sequence 

AATAAA, which is found 20 bp d^imstream from the polyA addition site 

(Proudfoot and Brownlee, 1976).

vi Chromatin structure and globin gene expression

Early evidence suggesting that chromatin from actively transcribed 

genes had a different structure from that of non-transcribed regions 

originated from studies on the digestion of isolated nuclei with 

DNasel. It was shown that the susceptibility of a given gene to
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DNasel digestion correlated with its transcriptional activity in the 

tissue from which the nuclei were isolated (Weintraub and Groudine, 

1976). Thus, the globin gene was more sensitive to DNasel digestion 

in nuclei isolated from chicK erythrocytes as compared with chick 

oviduct, and the ovalbumin gene was more DNasel sensitive in nuclei 

isolated from chick oviduct (Garel and Axel, 1976). The DNasel 

sensitivity of transcribed genes is probably a general phenomenon and 

reflects the potential of a gene to be transcribed rather than its 

transcription level per se. Thus, the ovalbumin gene remains 

sensitive to DNasel in the hormone withdrawn oviduct in which the 

gene is no longer being transcribed (Palmiter et al.. 1977). 

Similarly, the mouse globin genes show the same sensitivity to DNasel 

in MEL cells before and after the induction of their differentiation, 

i.e. the genes are already in a DNasel sensitive state in the 

"committed” undifferentiated MEL cell (Miller et al.. 1979; section 

1 . 2 ) .

"Active" chromatin is also characterized by the presence of 

DNasel hypersensitive sites (for reviews see Weisbrod, 1982; Elgin, 

1981). These sites are identified by mild digestion of chromatin 

with DNasel and usually lie in the 5 ’ flanking region of transcribed 

genes. For example, the chemically induced differentiation of 

cultured MEL cells (section 1.2) results in the appearance of a 

DNasel hypersensitive site near the cap site of the globin gene, and 

the fact that mutant MEL cell lines which are resistant to induction 

do not form this hypersensitive site on treatment with inducing 

agents suggests that it may be relevant to gene activation (Sheffery 

et al.. 1982, 1983). The DNasel hypersensitive site of the chick
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p-globin gene is one of the best characterized and extends from 60 to 

260 bp 5' to the transcription initiation site. It is possible to 

excise this hypersensitive site as a 115 bp protein free DNA fragment 

by digestion of chromatin with MspI, suggesting that it is not 

associated with nucleosomes (McGhee et al.. 1981). The appearance of 

this site has been correlated with globin gene activation in early 

development (Groudine and Weintraub, 1981). By transforming cultured 

chick embryo fibroblast cells with a virus which causes globin gene 

activation, it was shown that the hypersensitive site persists 

through many cell generations after the inducing agent is no longer 

present and the globin genes are no longer being transcribed. This 

indicated that the formation of hypersensitive sites might be an 

irreversible step in the committment to differentiation (Groudine and 

Weintraub, 1982). However, the DNasel hypersensitive sites of the 

sea urchin histone genes change reversibly as these genes become 

activated and inactivated during early development (Bryan et al., 

1983); these sites are found within the functionally important 

regions located 5* and 3' to the histone genes, and the differences 

in pattern of the appearance of the DNasel hypersensitive sites in the 

histone and globin genes could reflect differences in the control of 

embryonic genes during early development and of genes in terminally 

differentiating tissues.

The DNasel hypersensitivity of a given region of chromatin is 

probably due to a localized change in DNA conformation which is 

conferred by a specific DNA sequence. The single-stranded nature of 

the DNA in DNasel hypersensitive sites is indicated by the fact that 

the single-strand specific SI nuclease cleaves the same
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hypersensitive sites as does DNasel in chick erythrocyte nuclei 

(Larsen and Weintraub, 1982). Several kinds of altered DNA 

conformation might result in an increased sensitivity of DNA to SI 

nuclease: the formation of cruciform structures at palindromic DNA 

sequences, the formation of left-handed Z-DNA at alternating 

pyrimidine-purine stretches, and the formation of melted loops in AT 

rich regions. The DNasel hypersensitive site located 5 f to the early 

region of SV40 has indeed been shown to exist in a Z-DNA conformation 

(Nordheim and Rich, 1983). All the above conformations relieve the 

torsional strain of supercoiling and are therefore stabilized when 

incorporated into supercoiled molecules. Several experiments 

indicate the importance of DNA supercoiling or torsional strain in 

the formation of DNasel hypersensitive structures. For example, the 

DNasel hypersensitive region of the chick globin gene has been cloned 

into pBR322 (Larsen and Weintraub, 1979) and was retained in the naked 

recombinant DNA molecule when it was in the supercoiled form, but was 

lost upon linearization of the plasmid. This implied firstly that 

the formation of the hypersensitive site was directed solely by DNA 

sequence of the cloned region and was not dependent on any specific 

protein interaction in the erythroid cell, and secondly suggested 

that the strain of supercoiling is required to induce the 

conformation change. Several other observations suggest that DNA 

topology may have a role in gene control. For example, the 

transcriptionally active fraction of SV40 minichromosomes extracted 

from infected monkey cells are torsionally stressed (Luchnik et 

al.,1982). The influence of DNA template topology on transcription 

efficiency has been studied more directly by analysing the expression
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in Xenopus oocytes of the cloned HSV tk gene when introduced on 

supercoiled and linear plasmids (Harland et al., 1983).

Transcription of the circular templates was >500 times more efficient 

than the linear ones, indicating the importance of DNA topology in 

determining the efficiency of gene transcription. Presumably the 

torsional strain which is provided by supercoiling and which is 

required both for the formation of hypersensitive sites in naked DNA 

and for efficient transcription on cloned DNA might be provided by 

other means in the cell, e.g. interaction with specific proteins.

For example, interaction of the lac o and r proteins with the binding 

domain results in a 10-100 fold increase in the DNasel sensitivity of 

the latter (Schmitz and Galas, 1979). Interestingly, the DNasel 

hypersensitive sites in the 5' flanking DNA of the human c-myc gene 

coincide with regions which are thought to interact with specific 

regulatory proteins (Siebenlist et al.. 1984)

vii Regulation of globin gene expression by DNA methylation

5-methyl cytosine (5meC) constitutes 2-7% of the total cytosine in 

mammalian DNA, and is the only modified base yet found in vertebrate 

DNA (Vanyushin et al., 1970). 90% of 5 me C is found within the

dinucleotide sequence 5* CpG 3’, and the symmetrical methylation of 

both DNA strands allows the methylation pattern to be retained 

throughout DNA replication by a methylase which acts on 

hemimethylated sites (Bird et al.. 1978). The presence of 5meC 

within defined regions of DNA can be analysed by Southern blotting 

using restriction enzymes that recognize CpG containing DNA sequences 

(Roberts, 1978; McClelland, 1981); most of these enzymes will not
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cleave DNA if the cytosine residues in their specific recognition 
site are methylated.

Data from many systems have shown an inverse correlation 

between the level of CpG methylation of a gene and its 

transcriptional activity. Measurement of the degree of methylation 
within 17 Hpall/MspI sites of the human p-like globin gene locus 
showed all the sites to be highly modified in sperm DNA, in which all 

of the genes are inactive, whereas there was a tissue specific 
demethylation around the transcribed genes in somatic cells. Thus, 
in adult bone marrow, the expressed p-gene was unmethylated as 

compared with the rest of the globin gene cluster, and in fetal 
liver, the expressed y-globin genes were undermethylated (Van der 
Ploeg and Flavell, 1980). A more detailed analysis in other systems 
has shown that the demethylations which accompany gene activation 

usually take place at the 5 f end of the gene as, for example, occurs 
in the activation of albumin (Ott et al.. 1982), and adenovirus genes 
(Kruczek and Doerfler, 1982). An analysis of 15 mammalian genes has 
revealed that the 5 ' flanking sequences are enriched in CpG sequences 
relative to the rest of the gene (McClelland and Ivarie, 1982), and 
these combined data therefore suggested that a methylated gene cannot 

be expressed and that a low level of methylation, possibly 

specifically in the 5* flanking region of the gene, is required for 
gene activation. Other evidence suggesting that DNA methylation has 

a role in controlling gene expression derives from the use of the 
drug 5-azacytidine to induce demethylation of cytidine residues. 5- 
aza-C is a cytidine analog which cannot become methylated because it

has a nitrogen atom at position 5; incorporation of 5 aza C into the
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DNA of cultured cells leads to DNA demethylation (Jones and Taylor, 
1981; Jones and Taylor, 1980). The azacytidine induced 
transcriptional activation of an endogenous retroviral genome in 
chick cells has been correlated with demethylation (Groudine et al.. 
1981), and similarly, the activation of the metallothionen gene in 

mouse thymoma cell lines by either 5 azaC or ultraviolet is 
associated with demethylation of the gene (Compere and Palmiter,

1981; Lieberman et al.. 1983).
For a number of cellular genes, however, no clear correlation 

has been observed between the pattern of DNA methylation and gene 

expression in vivo. For example, during Xenopus development, the 
hormonally inducible vitellogenin genes of chick become expressed 
despite being highly methylated (Gerber-Huber et al., 1983). A 

direct approach to study the role of DNA methylation in gene 
regulation has been to methylate cloned DNA in vitro and determine 

the effect of this methylation on expression of the gene in a 
eukaryotic cell expression system (section 1.5ii). When in vitro 

methylated DNA is introduced into Xenopus oocytes or cultured 
mammalian cells, methylation at every CpG sequence is retained during 
DNA replication through hundreds of cell generations (Stein et al., 
1982a; Wigler et al.. 1981; Harland ,1982). Methylation of the cloned 
hamster aprt gene with Hpall methylase (which methylates cytosine 
residues in the sequence CCGG) inhibited its expression when assayed 
after introduction into L cells (Stein et al.. 1982b); in vitro 

methylation of adenovirus genes inhibited their transcription in 
Xenopus ooctyes (Vardimon et al.. 1982). Complete methylation of all

ACpG sequences of the human y-globin gene inhibited its
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expression in L cells, and by constructing molecules which were 

methylated only in specific regions of the gene, it was shown that 
methylation of only the CpGs within the region -760-+100 (relative to 
cap site) was sufficient to inhibit the transcription of an otherwise 

unmethylated gene; methylation of other regions of the gene had no 
effect on its expression (Busslinger et al.. 1983). Not all genes, 
however, contain a large number of CpG dinucleotide sequences within 
this putative regulatory 5* flanking region, and other data suggest 
that the expression of certain genes is insensitive to inhibition by 
DNA methylation. Thus, totally methylated SV40 DNA and Xenopus rDNA 

are transcribed when introduced into L cells and Xenopus oocytes 
respectively (Graessman et al.. 1983; Macleod and Bird, 1983). Some 
data suggest that hyperraethylation of a gene may actually be a 

consequence of transcriptional inactivity rather than a cause of it. 
Thus, the infection of embryonal carinoma cells with retroviruses 
results in an immediate block in viral gene transcription, with de novo 
methylation of the viral genome taking place 8-15 days later (Gautsch 

and Wilson, 1983). This suggested that de novo methylation of the 

viral DNA may have been a consequence of its transcriptional 
inactivity, and that DNA methylation may be viewed as a means of 
stabilizing the structure of a gene in an active or inactive state, 

with its transcription level being primarily determined by other means, 
e.g. the binding of specific proteins to regulatory sequences, 
chromatin configuration etc. Methylation of CpG sequences is thought 
to favor the transition of B-form DNA to the left-handed Z form (Behe 
and Felsenfeld, 1981), although the significance of this observation to

gene control is not clear.
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viii The thalassemias
The thalassemias are a heterogenous group of genetic diseases which 
are characterized by a defect in globin chain production (for reviews, 
see Weatherall and Clegg, 1979, 1982). They provide a variety of 

naturally occuring models for studying both the regulation of globin 
gene transcription and the mechanisms which control globin gene 
switching during development. Thalassemia may result from a reduction 
in the synthesis of either an a-like or p-like chain of hemoglobin, 
and the resulting imbalance of a/Pchain ratio leads to precipitation 

of the excess chain in the erythroid cell, thus leading to a reduction 
in red cell maturation and survival. The diseases are classified into 

a, P, 5, 8P and y8p thalassemias according to the type of globin chain 

whose expression is affected; these types are further subdivided into 
the a°, P° thalassemias in which there is no globin chain 

synthesis from the defective allele, and the a+ , P+ types in 
which globin synthesis is merely reduced. In another group of related 

conditions, Hereditary Persistance of Petal Hemoglobin (HPFH), 
y-globin gene expression and HbP production persists into adult life.

The nature of the lesions in thalassemia are diverse at the 
molecular level. These defects have been characterized by 
genomic blotting, DNA sequence analysis of the cloned thalassemic 
genes, and by studying the level and structure of the transcripts 
produced from these defective genes both in the erythroid cells in 
vivo and after introduction of the cloned thalassemic gene into a 

eukaryotic cell expression system (section 1.5ii).

All of the a0 thalassemias characterized so far are the
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result of deletions within the a-globin gene loci (Pressley et al.. 

1980,a,b; Orkin and Michelson, 1980). Most of the a+ thalassemias 

are also due to deletions (Orkin et al.. 1979), although recently an 

a-thalassemic gene has been shown to have a point mutation in the 

polyadenylation signal, with this defect giving rise to long 

transcripts which extend past the normal signal (Higgs et al.. 1983).

In contrast, many of the p° thalassemias result from stop 

codons, notably at codons 17 and 39 (Orkin and Goff, 1981; Chang and 
Kan, 1979; Moschonas et al.. 1981, see accompanying manuscript).

Many of the p+ thalassemias are due to point mutations that 
either destroy a normal splice site sequence or create a new splice 
site sequence elsewhere in the gene; these result in inefficient 
splicing and/or the production of aberrently spliced nonfunctional 

transcripts (Busslinger et al.. 1981; Treisman et al.. 1983).
Another p+ thalassemia is due to a point mutation residing 87 
nucleotides upstream of the cap site within the promoter, thus 
resulting in inefficient transcription initiation (Treisman et al.. 
1983). Analysis of the expression of such splice site and 

promoter mutations in naturally occuring thalassemic genes is thus 
providing information about the DNA sequences required for 
transcription initiation and RNA splicing which is complementary to 

that obtained from studying the expression of in vitro constructed 

mutant genes (section 1.4iv,v).

Many of the 8p and ySp thalassemias and most of the HPFHs are 
characterized by deletions of varying size within the p-like globin 
gene locus; some of these are associated with an elevated expression 

of the y-gene in adult life (Bernards et al.. 1979; Ottolenghi et
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al.. 1979; van der Ploeg et al.. 1980). Analysis of the positions 
of these deletions and the resulting phenotype in various diseases has 
suggested that the deletions not only result in an obvious loss of 
expression of the deleted region, but also that they act in cis over 

considerable distances to influence differential gene expression 
within the human globin gene cluster. Thus, it has been suggested 

that removal of both an alu repeat residing 5* to the 8 gene and 
sequences 3' to the p gene results in the HPPH phenotype. Examination 
of the lesions in the non-deletion HPFHs and thalassemias will help 
pinpoint more accurately the regulatory regions involved in 

controlling globin gene switching. Interestingly, the deletion in a 
Dutch case of yp-thalassemia removes the e, y and 8-globin genes, but 

leaves the p-globin gene intact (van der Ploeg et al.. 1980). The 
p-globin gene is not, however, expressed in the erythroid cells of the 

patient and its inactivity is probably the result of a translocation 
which placed transcriptionally inactive chromatin adjacent to the 
p-globin gene; this resulted in acquisition of an inactive chromatin 

structure by the affected p-globin gene, leading to its 
transcriptional silencing (Kioussis et al.. 1983; see chapter 5 ) .

1.5 EUKARYOTIC CELL EXPRESSION SYSTEMS

The mechanisms which control gene expression may now be studied by 
the reintroduction of cloned DNA into a eukaryotic environment. 
Expression of the given gene may be analysed either in a cell free
transcription extract, or after its introduction into Xenopus
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oocytes, cultured mammalian cells or whole animals. The in vitro 
transcription systems have been useful in the isolation of specific 
factors which regulate transcription initiation and RNA splicing, 
whereas the introduction of cloned genes into cultured cells or 

Xenopus oocytes has given information on the DNA sequences which 
regulate transcription initiation, RNA splicing, and gene activation 
during differentiation and in response to environmental changes.

i Cell free transcription extracts
In most in vitro transcription systems, expression of cloned DNA 

takes place in a HeLa cell extract which may or may not be 
supplemented with partially purified RNA polymerasell (Weil et al. 

1979; Manley et al.. 1980). Extracts from other cell types e.g. 

Xenopus oocytes have also been used (Bogenhagen et al.. 1980; Sakonju 
et al.. 1980). In vitro transcription has been used mainly to study 
the DNA sequences required for transcription initiation and to assay 

specific purified cellular components for their role in transcription 
initiation and RNA splicing; correct transcription termination, 
polyadenylation and efficient RNA splicing in these systems is not 
well documented.

HeLa cell transcription extracts have been used to determine 
the DNA sequences which regulate transcription initiation. Analysis 

of various base substitution and deletion mutants has shown that the 
ATA box (section 1.4iv) is required for efficient initiation of 
transcription of the Adenovirus 2 major late genes (Corden et al..
1980), the chick conalbumin gene (Wasylyk et al.. 1980) and the rabbit

p-globin gene (G.Grosveld et al.. 1981b), and has shown that
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transcription always initiates 25-30 bp downstream from the ATA box 
(section 1.4iii). However, DNA sequences residing 5 ’ to the ATA box 
are not required for transcription initiation in vitro (Corden et 
al.. 1980; Hu and Manley., 1981; Wasylyk et al.. 1980; G.Grosveld et 

al.. 1981b). This contradicts data obtained for the expression of in 
vitro constructed mutant genes in whole cell expression systems 
(section 1.5ii) in which case DNA sequences upstream of the ATA box 

are essential for efficient transcription. Such differences between 
the systems might reflect the absence of important factors from the 
transcription extracts or the fact that transcription in such 

extracts probably takes place on naked DNA. It also seems 
unlikely that the in vitro systems will allow reconstitution of 
complex regulatory phenomena; for example, the globin genes are 

transcribed in cell free extracts from HeLa cells which do not 
express their endogenous globin genes (G.Grosveld et al.. 1981b).
Some cases of regulation have, however, been observed e.g. regulation 

of the SV40 early promoter in vitro by T Ag (Hansen et al.. 1981), 

and the specific transcription of vaccinia genes in extracts derived 
from viral infected cells (Puckett and Moss, 1983).

In vitro transcription extracts have also been used for the 
identification of factors which regulate transcription initiation.
For example, the Xenopus transcription factor TFIII, which is 
required for transcription of the Xenopus 5S RNA genes, was isolated 
from Xenopus oocytes and was found to bind to the same internal 
region of the Xenopus 5S RNA gene as had previously been shown to be 
essential for its transcription (Engelke et al.. 1980). HeLa and 

Drosophila cells extracts have been fractionated to yield factors
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which bind to the promoter region of genes transcribed by RNA 
polymerasell (Dynan and Tjian, 1983; Parker and Topol, 1984; Davison 
et al.. 1983). For example, fractionation of HeLa cell extracts has 
revealed the presence of a promoter specific transcription factor 

which activates the SV40 early promoter; the factor binds to the 21 
bp repeat region which is located about 70-1 OObp upstream from the 
transcription initiation site and which is required for SY40 early 
gene activation in vivo (Dynan and Tjian, 1983). Hela cell extracts 

have also been fractionated to yield factors which bind to the ATA 
box of the conalbumin and Adenovirus late genes; the factors are 

necessary for correct transcription of these genes in HeLa extracts 
and bind to the ATA box in the absence of RNA polll (Davison et al.. 

1983).
The standard in vitro transcription extracts splice only 

poorly (Padgett et al.. 1983), although nuclear extracts do show 
splicing activity when supplemented with various post nuclear 
fractions (Hernandez and keller, 1983). It is therefore possible to 

synthesis a precurser mKNA in the standard in vitro transcription 
system, and then study its splicing in these supplemented nuclear 

extracts. Although these systems are not efficient enough to test 
the splicing of in vitro constructed mutants, they have been useful 
in defining the role of snRNAs in RNA splicing (Hernandez and Keller, 
1983; Padgett et al.. 1983; section 1.4v) and in identifying 

intermediate RNA products of splicing reactions (Grabowski et al.,
1 9 8 4 ) .
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ii Expression of foreign DNA in cultured mammalian cells

Analysis of the expression of cloned genes after their introduction 
into eukaryotic cells has enabled the DNA sequences which are 

required for transcription initiation, RNA splicing, and gene 

activation to be studied in detail. In addition, the effect of DNA 
methylation and DNA conformation on transcriptional activity may be 
monitored in some of these systems. The methods for the introduction 
of cloned genes into eukaryotic cells include the microinjection of 

DNA into Xenopus oocytes (Kressman et al.. 1977; Gurdon and Brown, 

1978), and the introduction of DNA into cultured mammalian cells by 
calcium phosphate transformation (Graham and van der Eb, 1973; Wigler 

et al.. 1977), dextran transformation (Sompayrac and Danna, 1981) 
microinjection (Capecchi 1980) protoplast fusion (Schaffner, 1980; 
Rassoulzadegan et al.. 1982), or electric shock treatment (Neumann et 

al.. 1982). In addition, the introduction of foreign DNA into the 
germline of Drosophila and mice promises to be a useful approach for 

studying tissue specific and developmental stage specific control 
of gene expression.

a Transient expression systems
Two main techniques are available for studying the expression of a 
foreign gene after its introduction into mammalian cells: the 

transient expression and the stable clone systems. The transient 

expression systems have been used to identify the nucleotide 
sequences which control transcription initiation and RNA splicing 
(section 1.4iv,v) and to identify transcriptional enhancer elements
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(section 1.5iii). Cloned DNA is introduced into the cells by one of 
the above methods and its expression in the total cell population is 
analysed 24-48 hours later either by KNA hybridization analysis or by 

the detection of protein. Transient expression may be carried out in 

most types of eukaryotic cell line for which efficient introduction 
of foreign DNA can be obtained; under optimal conditions, 30-40% of 

the transfected cell population expresses the foreign DNA. Efficient 
expression of the foreign gene usually requires the presence of 
viral enhancer sequences (section 1.5iii) on the introduced vector. 
Most assays for promoter and splice site sequence requirements are 

carried out by cloning the gene of interest in a vector containing 
the SV40 enhancer, mutating the gene in vitro, and analysing its 

expression after introduction into HeLa cells; this approach was used 

to identify the promoter elements of the rabbit (J-globin gene 
(G.Grosveld et al.. 1982a,b). Transient expression of cloned genes 

may also be studied after their introduction into COS cells (Gluzman,

1981); these are SV40 transformed monkey kidney cells which express 
SV40 T antigen and contain the permissivity factors required for SV40 

DNA replication. Vectors containing the SV40 region required in cis 
for replication ( i.e. the origin region) replicate to 100,000 copies 
per cell within a few days of their introduction into COS cells. 
Efficient expression of introduced DNA in COS cells requires the 

presence of an enhancer element; this system has been used to analyse 
the DNA sequences which control the initiation of human a-globin gene 
transcription (Mellon et al.. 1981). The Xenopus oocyte system may 

also be classified as a transient expression assay, since expression 
of the foreign DNA is assayed 24h after its injection into the cells.
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Not all introduced genes are efficiently transcribed in Xenopus 
oocytes; globin genes are only poorly expressed, with the transcripts 
mainly initiating from sites upstream from the in vivo cap site. The 
cloned HSV tk gene is, however, efficiently transcribed in Xenopus 

oocytes, and the system has been used*to identify the promoter 

elements of this gene (McKnight et al.. 1981; Me Knight, 1982). The 
Xenopus oocyte system has also been used to analyse the role of DNA 
template topology in gene transcription (section 1.4vi).

b Stable eukaryotic cell clones

DNA sequences required for transcription initiation and RNA splicing 
have also been analysed by studying the expression of cloned genes 
after their stable introduction into the genome of cultured 

eukaryotic cells (Dierks et al.. 1981,1983; Treisraan et al.,1985).
The influence of DNA methylation on gene expression has also been 
studied in stable eukaryotic cell clones (section 1.4vii). Since

g
only 1-1000 per 10 cells incorporate exogenous DNA in a stably 
heritable manner, a variety of selection systems are used to isolate 
such stable transformants. For example, tk and aprt cell

+ *4"lines may be transformed to tk or aprt phenotypes by 
transfection with cloned tk or aprt genes; such transformed 
cells are selected by culturing the cells in aminopterin or asaserine 
which kill nontransformed tk or aprt cells. Dominant 
selection systems may be used to transform any cell type i.e. one 
which does not necessarily have a mutant phenotype. For example, all 

mammalian cell are killed by appropriate concentrations of the
antibiotic G418, and transformation with the cloned bacterial AGPT
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gene renders cells resistant to the drug by inactivating it (Jimenez 
and Davies, 1980; Colbere-Garapin et al.. 1981). Any nonselectable 
gene of interest may be introduced into the cells either by ligating 
it to the appropriate selectable gene or by cotransferring the 

selectable and nonselectable gene on separate molecules (Hsiung et 

al.. 1980; Wigler et al.. 1979). Expression of foreign DNA in a 

stable eukaryotic cell clone does not require the presence of a viral 
enhancer and transforming DNA usually integrates into the host 
chromosome and acquires a nucleosome conformation (Camerini-Otero and 
Zasloff, 1980). Expression of the foreign DNA is usually studied in 

clones of transformed cells or in mixed populations of clones by RNA 
hybridization analysis. Sometimes expression of the introduced DNA 

may be detected by its ability to confer a specific phenotype on the 

cells. For example, the transformation of mouse L cells with the 
cloned H-2Kb gene resulted in the expression of the H-2Kb protein 

on the cell surface, enabling its detection with allospecific anti- 
H-2Kb cytotoxic T cells (Mellor et al.. 1982); by introducing 

recombinants constucted in vitro between the H-2Kb and another MHC 
gene, the region of the H-2Kb gene involved in cytotoxic T cell 
recognition was identified (Allen et al.. 1984). Transfection 
of eukaryotic cells with total DNA or genomic libraries has been used 
to isolate genes which confer a specific phenotype on the cell e.g 
the hamster aprt and human tk genes have been isolated by 
transformation of aprt and tk cells with total DNA (Lowy et 
al., 1980; Lin et al.. 1983), and after transfection of mouse L cells 

with total human DNA, cells expressing HLA antigens have been
selected by Fluorescence Activated Cell Sorting (FACS; Kavathas and
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Herzenberg, 1983).
One of the major problems of studying the expression of cloned 

DNA in stable eukaryotic cell transformants is that both the number 
of copies of integrated foreign DNA and the level of expression of 

the foreign gene are very variable between individual transformants. 
The latter phenomenon presumably reflects an influence of host DNA at 
the site of integration, and complicates the interpretation of 

experiments in which a quantitative effect of a mutation on gene 
expression is analysed. The introduction of the foreign gene on a 
BFV vector obviates this problem (Di Maio et al.. 1982; Law et al.. 

1981), since foreign BPV DNA remains in the cell as approximately 30 

extrachromosomal elements per cell, and individual clones express the 
foreign gene at a similar level. The BPV vectors are therefore 

useful for analysing the effect of mutations on expression of a 

foreign gene in stable cell transformants (Treisman et al.. 1983). 

Transformed clones containing BPV DNA may be selected by morphology 
or by including a dominant selection marker on the vector BPV 

construct.

iii Transcriptional enhancers
Transcriptional enhancer elements may be defined as segments of DNA 
which dramatically increase the level of transcription from a nearby 
promoter. Transcriptional enhancers were discovered in SV40 virus, 
with the SV40 enhancer being identified as a 200 bp segment of DNA 

which contained the 72 bp repeat region and which was essential for 
early gene transcription (Benoist and Chambon, 1981; Gruss et al.. 
1981; Fromm and Berg, 1982). Ligation of this enhancer to the rabbit
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J3-globin gene increased the level of expression of the latter by >100 

fold in a transient expression assay (Banerji et al., 1981). Most 
genes have been shown to be efficiently expressed in transient 
expression assays only if they are linked to a viral enhancer; a 

notable exception is the a-globin gene, which is expressed in an 

enhancer independent manner in both COS and HeLa cells (Mellon et 
al., 1981; Treisman et al.. 1983). In general, the enhancer may be 
positioned in either orientation and placed either 5’ or 3' to the 
heterologous gene (Banerji et al.. 1981; de Yilliers and Schaffner, 
1981; Moreau et al.. 1981). Enhancers also act when located several 

kilobasepairs away from the gene, although specific DNA sequences 
located between the enhancer and promoter (e.g. another promoter) may 
interfere with the enhancement (Wasylyk et al.. 1983). Enhancer 

elements have now been found in a wide variety of viruses, including 
SV40 (Banerji et al.. 1981), Polyoma (de Villiers and Schaffner 1981, 

BKV (Rosenthal et al.. 1983,), BPV (Lusky et al.. 1983), adenovirus 

(Hearing and Shenk, 1983) and retroviral LTRs (Laimins et al.. 1982; 
Levinson et al.. 1982). Viral enhancers often comprise tandem 

repeats of 50-100 nucleotides, and many have a DNA sequence which 

has the potential of forming Z DNA (Nordheim and Rich, 1983). 
Enhancers usually show some species and tissue specificity in their 
action; for example, the polyoma enhancer is more efficient than the 
SV40 counterpart in mouse 3T6 fibroblasts, whereas the SV40 enhancer 

is more efficient in monkey kidney CV-1 cells (de Villiers et al.,
1982). The mechanism of transcriptional enhancement is unclear, 
although a popular model is that they act as a ”super entry site” for
some component of the transcription machinery. Interestingly, the
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protein product of the Adenovirus EIA gene may activate a 

heterologous gene when provided in trans in a transient expression 
assay; this E1A mediated gene activation does not require the 
presence of a viral enhancer in cis on the construct, and the only 

promoter elements that are required for efficient transcription of an 

E1A activated gene are those including and located 3' to the ATA box 

(Green et al., 1983; Imperiale et al., 1983).
The only well defined eukaryotic enhancer is the tissue 

specific immunoglobulin gene enhancer, which is located in an intron 
upstream of the constant region gene and which probably serves to 
activate the variable region promoter of the functionally rearranged 
immunoglobulin gene in the lymphocyte. Ligation of the 
immunoglobulin enhancer to cloned rabbit p-globin and SV40 T antigen 
genes increased the expression of these heterologous genes when 

introduced into lymphoid derived myeloid cells but not in other cell 
types (Queen and Baltimore, 1983; Banerji et al., 1983; Gillies et 
al.. 1983). It will be of obvious interest to determine whether 

enhancers have a more widespread role in the regulation of eukaryotic 

gene expression, and whether all genes which are expressed in a 
tissue specific manner possess an appropriate enhancer element which 
acts only in certain cell types.

iv Regulated expression of cloned genes in cultured eukaryotic cells 

Many genes which are physiologically expressed only in specific 
differentiated tissues are found to be efficiently transcribed when 

introduced as cloned DNA into heterologous tissue culture cells which 
do not express their equivalent endogenous gene. For example, the
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rabbit p-globin gene is transcribed in stable mouse L cell clones 

(Dierks et al.. 1981) and in the HeLa cell transient expression assay 
(G.Grosveld et al.. 1982a,b). This implied that gene transfer 
systems, although ideal for studying DNA sequences which control 

transcription per se. were not suitable for analysing the sequences 
which regulate gene activation as occurs during cell differentiation 

or in response to environmental changes. In some systems, however, 
it has been possible to regulate the expression of a cloned gene 
after its introduction into a eukaryotic cell, and by studying the 
expression of in vitro constructed mutant genes it is possible to 

identify the regulatory sequences which control gene activation as 
opposed to those required for transcription per se. Such studies 
have shown that the information required for activation of a gene is 

an intrinsic property of its DNA sequences and is not dependent on 
its localization in a specific chromosomal domain or its acquisition 
of a particular chromatin conformation pattern or DNA modification in 

the host cell. Most of the regulatory elements identified so far are 
located within the 5’ flanking DNA of the gene.

A number of genes whose expression is regulated by 

glucocorticoid hormones in vivo also show hormonal indueibility when 
introduced as cloned DNA into mouse fibroblast L cells which contain 
glucocorticoid receptors. Thus, hormonal regulation of the cloned 
human growth hormone gene (Robins et al.. 1982), MMTV proviral DNA 

(Hynes et al.. 1981; Ucker et al.. 1981; Huang et al.. 1981), and the 
rat a2 globulin gene (Kurtz, 1981) was observed when they were stably 

introduced into mouse L cells. The 5’ flanking region of the growth
hormone gene conferred inducibility upon the normally noninducible
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Herpes virus thymidine kinase (tk) gene or the dihydrofolatereductase 

(DHPR) gene, suggesting that the growth hormone gene regulatory 
sequences resided within its 5’ flanking DNA. Similarly, the 5 ’ 

flanking region of MMTV will confer indueibility upon the HSV tk gene 

when placed at 430 (Hynes et al.. 1983) or 120 (Chandler et al..

1983) bp upstream from the cap site. The presence of regulatory DNA 
sequences within the structural gene was not, however, rigorously 
tested, and the observation that purified glucocorticoid receptor 
binds not only to the 5* flanking region but also downstream from the 
transcription initiation site of the MMTV LTR suggests that these 

latter sequences may also be important in control (Payvar et 
al., 1983). Similarly, both the chicken lysozyme gene (Renkawitz et 

al., 1982) and the ovalbumin gene (Dean et al.. 1983) are inducible 

by estrogen in a transient expression assay in primary chick 
oviduct cells, and the 5’ region of these genes was shown to confer 
indueibility upon the normally noninducible chicken p-globin and 

SV40 T antigen genes (Dean et al..1985). The 5’ flanking region of 

the interferon gene has been shown to mediate its induction 
by virus or poly rlrC after transfer to L cells (Ragg and Weissmann, 

1983; Weidle and Weissman, 1983; Zinn et al.. 1983). The human 
metallothionen II-A (MTX) gene, which is physiologially inducible by 
both glucocorticoids and heavy metals in vivo, is similarly regulated 
by both agents when introduced into rat fibroblasts and has been 
shown by deletion mapping to possess two regulatory elements; the 

hormone responsive element is a 20 bp sequence which is centred at 
250-260 bp upstream from the cap site and which binds purified
GH-receptor complex in vitro. The metal ion responsive element
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comprises 2 boxes of 14 nucleotides which are centred at 45 bp and 

145 bp upstream from the cap site (Karin et al.. 1984a). Both of 
these elements can activate heterologous promoters located at least 
600 bp away, suggesting that the enhancement of transcription by 

glucocorticoids and heavy metals is mediated via the activation of 
enhancer like elements (Karin et al.. 1984b). Both the interferon 
and MTX genes show regulated expression when introduced into 
eukaryotic cells on a BPV vector, and thus remaining as 
extrachromosomal elements (Zinn et al., 1982; Pavlakis and Hamer, 

1983).

Cloned Drosophila heat shock genes retain their ability to be 
induced by high temperature after transfer into L cells (Corces et 

al.. 1981), COS cells (Pelham 1982) or Xenopus oocytes (Bienz and 

Pelham, 1982). Deletion mapping has shown that DNA sequences 
residing 47-67bp upstream from the cap site are essential for heat 

inducible transcription, and a synthetic version of this region 

rendered a normally noninducible gene heat sensitive when placed at 
the varying distances from the cap site (Pelham and Bienz, 1982). 
This implied that heat shock transcription is controlled by an 

upstream element that acts as a transcriptional activator at high 
temperature but is inert at low temperature.

The introduction of cloned genes into cells which may be 
induced to differentiate in culture provides a system in which to 
study the regulation of gene activation during cell differentiation. 
For example, cultured embryonal carcinoma cells, which were derived 

from germ cell tumours and behave as a subset of early blastocyst 
cells, may be induced to differentiate in vitro along several
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different pathways of embryogenesis (for review see Martin, 1980).
Each type of differentiation is accompanied by the activation of 
specific sets of genes e.g. differentiation to visceral endoderm 

results in activation of the alphafetoprotein gene, whereas 

differentiation to either visceral or parietal endoderm leads to 
activation of the genes of the major histocompatibility complex. By 
introducing a cloned alphafetoprotein gene into cultured embryonal 
carcinoma cells, Scott et al. (1984) have shown that the foreign gene 

becomes specifically activated upon differentiation of the cells to 
parietal endoderm. Similarly, Rosenthal et al. (1984; see 

accompanying manuscript) have demonstrated the transcriptional 
activation of a foreign MHC gene in embryonal carcinoma cells upon 
differentiation to either parietal or visceral endoderm; experiments 

are in progress to define the regulatory elements which control the 
activation of the MHC genes during early embryonic development. The 
activation of foreign globin genes during erythroid differentiation in 

cultured murine erythroleukemia cells serves as a useful system in 
which to study globin gene activation during erythropoiesis (section 

1 . 6  ).

v Introduction of cloned genes into whole animals
The mechanisms that control gene activation at specific stages in 
development and in specific tissues may be most rigorously studied by 
the introduction of cloned DNA into the germline of an animal; such 
foreign DNA is transmitted to the progeny and its expression may be 

studied in the various tissues of the animal throughout development.
The original experiments demonstrating the transfer of foreign
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DNA into whole animals involved the introduction of viral DNA into 
the mouse by either infection of the preimplantation embryo, or by 

microinjection of DNA into the blastocyst cavity of the embryo 
(Jaenisch and Mintz, 1974; Gordon et al.. 1980). The developing mice 
were mosaics; they contained foreign DNA in only some of their tissues 

and there was only limited success in introducing foreign DNA into the 
germline. Using this method, different mouse substrains were 
generated which carried Moloney Leukemia Virus (MoLV) integrated into 
different sites of the host chromosome; integration into each site 
resulted in a different temporal and tissue specific pattern of viral 

expression, suggesting that expression of the foreign DNA was 
influenced by the host DNA at the site of chromosomal integration 
(Harbers et al.. 1981). Another method of introducing foreign DNA 

into mice by gene transfer at the blastocyst stage has been to 

introduce cultured embryonalcarcinoma cells (section 1.5iv) into the 
blastocyst; these transferred malignant cells then behave as normal 
embryonic cells, and participate in development to produce mosaic 

mice in which some of the tissues derived from the introduced 
teratocarcinoma cells (Mintz and Ilmensee, 1975). Transfection of 

the teratocarcinoma cells with foreign genes prior to their 
introduction into the animal enables the introduction of foreign DNA 
whose state in the teratocarcinoma cell can be characterized before 
transfer (Pellicer et al.. 1980). There are, however, only a few 
reports of the introduction of injected teratocarcinoma cells into 

the germline (Bradley et al.. 1984).
Many of the problems associated with the blastocyst injection 

technique have been overcome by microinjection of the DNA directly
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into the pronucleus of the fertilised one-cell egg. 2-40% of the 
developing eggs retain the foreign DNA, and the resultant mice are 
usually nonmosaic and contain the introduced DNA in their germ-line. 
The foreign DNA is transmitted to the progeny mice and its 

expression in the developing mice can be studied to determine if it 

shows correct tissue specificity and developmental and environmental 
regulation.

Several foreign genes have now been introduced into the mouse 
germ line by pronucleus injection. These include the chicken 
transferrin gene (McKnight et al.. 1983), rabbit p-globin gene 
(Costantini and Lacy, 1981; Lacy et al.. 1983), immunoglobulin gene 
(Brinster et al., 1983) and hybrid genes containing the 
metallothionen gene promoter fused to HSV tk or growth hormone 

structural gene sequences (Palmiter et al., 1982a,b; Brinster et al., 
1981). In all cases, germline integration of foreign DNA and 
transmission to progeny was reported, although success in obtaining 
correct tissue specificity of expression has been variable. The 

first successful experiments were those involving transfer of the 
metallothionen hybrid genes. The metallothionens are cysteine-rich 

polypeptides which bind heavy metals and give resistance to heavy 
metal toxicity; the metallothionen gene is expressed in most tissues, 
but mainly in liver, and is induced by heavy metals and 
glucocorticoids. Mice containing the metallothionen-growth hormone 
hybrid gene showed high levels of fusion mRNA in the liver, with the 
accumulation of this mRNA being comparable to that of the endogenous 

metallothionen gene (Palmiter et al.. 1982b). Growth hormone levels

in the transgenic mice were 100-800x higher than in normal mice,
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resulting in animals of twice the normal weight. Transfer of this 
metallothionen-growth hormone hybrid gene into "little” mice that 
were genetically deficient in growth hormone resulted in the 

production of transgenic mice that were the size of normal nonmutant 
mice (Brinster et al.. 1984).

Other foreign genes which have been introduced by the 
pronucleus injection technique into the mouse germ line also show 
correct tissue specificity in their expression. For example, the 
chicken transferrin gene is preferentially expressed in the liver of 
transgenic mice and the introduction of a functionally rearranged 

immunoglobulin gene into mice resulted in its correct tissue specific 
expression in the splenic B lymphocytes. The fact that this foreign 

immunoglobulin gene was not expressed in other tissues although it was 

present in a functionally rearranged form indicated that rearrangement 
was not the sole requirement for tissue specific expression of the 
immunoglobulin genes in the B cells. The immunoglobulin protein was 

correctly translated, glycosylated, and secreted in these transgenic 

mice.

Initial experiments involving the introduction of cloned 
globin genes into the germline of mice were disappointing. A 
foreign rabbit 0-globin gene was not expressed in a correct tissue 
specific manner, and was transcribed specifically in nonerythroid 
tissues, e.g. skeletal muscle and testis, in some animals (Costantini 
and Lacy, 1981; Lacy et al.. 1983). More recently, the introduction 

of other foreign globin genes into the mouse germline has resulted in 
their correct tissue specific expression in the erythroid tissues of
some transgenic mice (Costantini et al., personal communication)
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although the system is probably not yet efficient enough to enable 
analysis of the regulatory elements which control the tissue-specific 
and developmental stage-specific activation of the globin genes.

Another system for introduction of foreign DNA into the 

germline involves the introduction of cloned DNA into the Drosophila 
germline by P element mediated transformation (Spradling and Rubin, 

1982; Rubin and Spradling, 1982). Correct tissue specific 
expression of cloned xanthine dehydrogenase, alcohol dehydrogenase 
and dopamine decarboxylase genes has been reported, and the system is 

now being used to analyse more complex phenomena such as dosage 

compensation in Drosophila (Spradling and Rubin, 1983; Goldberg et 
al.. 1983; Scholnick et al.. 1983)

1.6 AIMS OF THESIS

The introduction of cloned genes into eukaryotic cell lines which may 
be induced to differentiate in culture provides a useful system in 
which to study the regulation of gene expression during cell 
differentiation (section 1.5iv). The aims of this thesis were:-

1 . To determine whether the expression of foreign globin genes was 
regulated during erythroid differentiation in cultured murine 

erythroleukemia cells (section 1.2) and hence whether this system is 
suitable for analysing globin gene activation during erythropoiesis
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(Chapter 3).

2. To determine the interrelationships between the expression of the 
individual embryonic, fetal and adult globin genes of the human 

p-like globin gene cluster (Chapter 3), since analysis of genetic 

diseases of globin gene expression had previously suggested that the 
developmental stage specific expression of the individual genes was 
influenced by long range cis interactions within the gene cluster.

3. To determine whether the transcriptional inactivity of the p-globin 

gene in vivo in a yP- thalassemic patient was due to a mutation in the 
regulatory DNA sequences required for globin gene activation 
(Chapter 5).

4. To localize the DNA sequences which regulate the activation of the 
p-globin gene during erythroid differentiation (Chapters 6,7,8).
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Hematopoietic differentiation
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Figure 2

Developmental switches in globin gene expression

A. Diagrammatic representation of globin gene expression during 
human development

B. Changes in hemoglobin composition during development
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Figure 5

Globin gene organization in different species

References:

Goat Schon et al.. 1981

Rabbit Lacv et al.. 1979 
Hardison et al.. 1979

Human Fritsch et al.. 1980 
Lauer et al.. 1980

Lemur Barrie et al.. 1981

Mouse Jahn et al.. 1980 
Popp et al.. 1981

Chicken Dolan et al.. 1981 
Engel et al.. 1980

Frog Hosbach et al.. 1983
Lee et al., 1983
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Globin gene structure and transcription

Figure 4

A. Structure of the human q- and B~globin genes

Hatched boxes 
Open boxes 
Solid boxes

5’ and 3’ untranslated regions 
intron sequences 
coding regions

Codon numbers at the exon boundaries are indicated

B. Rabbit B-globin gene promoter

Nucleotide sequence of the 5' flanking region of the rabbit 
{3-globin gene, showing positions of the -90 region (G.Grosveld et 
al.. 1982b), CAAT box and ATA box (G.Grosveld et al.. 1981b, 
1982a).
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CHAPTER -2

MATERIALS AND METHODS

2.1 Chemicals

All chemicals unless otherwise stated were AnalaR grade and purchased
from B.D.H. Chemicals Ltd. Nucleotides were purchased from Sigma
Chemical Company. Solutions were prepared using double distilled

2water; they were sterilized by autoclaving at 15 lb/in for 30 

minutes or by filtration through 0.20|jm Millipore filters.

2.2 Glassware and plasticware

Disposable plastic 1.5ml snapcap tubes and plastic tips for automatic

Gilson pipettors were purchased from Eppendorf and Jencons Ltd.
2respectively and were sterilized by autoclaving at 15 lb/in for 

30 minutes. Sterile plastic disposable tubes and pipettes were 
purchased from Sterilin Ltd. Pyrex glassware was sterilized by 

baking at 200°C for 5 hours.

2.3 Radioactivity

32y - P adenosine 5’-triphosphate (specific activity 5000 Ci/mmol),
32a- P deoxyribonucleoside 5 ’-triphosphates (specific activity

323000 Ci/mmol) and a- P uridine 5 '-triphosphate (specific 
activity 3000 Ci/mmol) were purchased in stabilized aqueous solution
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from Amersham International PLC. They were added directly to 

reactions without drying down.

2.4 Autoradiography 

32-P labelled samples were detected in acrylamide gels and 
nitrocellulose filters by autoradiography using preflashed Fuji RX 

NIF X-ray film with intensifying screens at -70°C (Swanstrom and 
Shank, 1978; Laskey and Mills, 1977).

2.5 Spectrophotometric determination of nucleic acids

Concentrations of nucleic acid solutions were determined from optical 

density (O.D.) readings at 260nm and 280nm. An 0.D.260 reading of 

1.0 corresponded to concentrations of 50pg/ml and 40pg/ml for 
solutions of double stranded DNA and RNA respectively. Pure 
preparations of DNA and RNA had O.D.260/280 ratios of 1.8 and 2.0 
respectively. Small amounts of DNA and RNA (i.e. <2pg) were 

quantitated from the intensity of ethidium bromide flourescence in 
agarose gels (section 2.18).

2.6 Bacterial strains and growth

Plasmids and cosmids were propo(gated in the rec A E.coli strains 
HB101 (RecA13; Boyer and Rouland Dussoix, 1969) or ED8767 (Murray et 

al., 1977).
Bacteria were grown in Luria-Bertani (LB) medium which
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consisted of 10g/l bactotryptone, 5g/l yeast extract, 5g/l NaCl. 
Medium was supplemented with 50fig/ml ampicillin or 15|jg/ml 
tetracycline when bacteria harboured plasmids containing the 

appropriate drug resistance gene. Liquid bacterial cultures were 

grown on rotary platforms (250-300rpm) at 37°C. Agar plates 

contained 12g bactoagar per liter in LB medium.
Bacterial stocks were frozen at -70°C at a density of

7 810 -10 cells/ml in Hogness Modified Freezing Medium (HMFM).

HMFM consisted of 4.4% glycerol, 3.6mM K HPO ., 2mM Na& 4: O
citrate, 1.3mMKHP0., ImMMgSO..2 4 4

Bactotryptone, yeast extract, and bactoagar were purchased 
from Difco Laboratories. Ampicillin and tetracycline were purchased 

from Sigma Chemical Company.

2.7 Preparation of competent HB101

The method used was a modification of those described by Mandel and 

Higa, 1973 and by Cohen et al.. 1973, in which the uptake of DNA by 
bacteria was enhanced by their treatment with calcium chloride.

100|j1 of a logarithmic phase (0.D.600nm = 0.2-1.0) bacterial 
culture was innoculated into 20ml LB medium and grown until 0.D.60O 
0.6. 1ml of culture was then diluted into 11 LB medium and grown 
until 0.D.600= 0.1. The bacteria were left on ice for 20 minutes, 
pelleted by centrifugation at 4000g for 10 minutes at 4°C, and 
resuspended in 240ml 0.1M CaCl . They were left on ice for a 
further 20 minutes and pelleted as before. The competent cells were 
then resuspended in 6ml 14% glycerol, 86mM CaCl , transferred in
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100pl aliquots into 1.5ml Eppendorf snapcap tubes, frozen in liquid 

nitrogen and stored at -70°C.

2.8 Transformation of competent HB1Q1 by plasmid DNA

1.Ong of supercoiled plasmid DNA or 100-1000ng DNA in a ligation 
reaction was used for transformation.

50pl frozen competent cells (section 2.7) were thawed on ice. 

1-1 Opl DNA and 100fil TCM buffer (TCM = 10mM tris, 10mM CaCl^,
10mM MgCl ) were added and the mixture left on ice for 30 
minutes. The bacteria were subjected to heat shock by transfer to a 
42°C waterbath for 90 seconds. 1.2ml LB medium was then added 

and the cells incubated at 37°C for 45 minutes. Bacteria were 
pelleted by centrifugation for 20 seconds in an Eppendorf microfuge, 
resuspended in 100|il LB medium, spread on an agar plate containing 

the appropriate antibiotic and incubated at 37°C. Colonies of 
transformed bacteria appeared after 5-14 hours. They were either 

picked, innoculated into 10ml LB medium and a miniculture grown 
(section 2.15), or they were transferred to a nitrocellulose filter 
for direct screening by hybridization (section 2.25).

2.9 Eukaryotic cell culture

The thymidine kinase negative mouse fibroblast L cell line (LD1 
tk ) was a gift of R. Axel. Thymidine kinase negative mouse 
erythroleukemia cells (F412B2 tk line) were obtained from
D. Spandidos.
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Cell cultures were grown at 37°C, 10%C0 in aMEM 

medium supplemented with 5—10% fetal calf serum (PCS). Cell lines 
transformed by plasmid DNA to a tk+ phenotype were maintained in 
15|Jg/ml hypoxanthine, 0.5[ig/ml aminopterin, 5|jg/ml thymidine (HAT 

medium). Cell lines transformed to G41 8 resistance were maintained 

in 0.5-1.0 mg/ml G418.
Cell stocks were frozen in liquid nitrogen at a density of

fi 710 -10 cells/ml in aMEM supplemented with 20% PCS and 10%

DMS0.
Sterile plasticware for tissue culture was purchased from 

Sterilin Ltd. or from Plow Laboratories. aMEM medium, PCS and G418 
were obtained from Gibco Europe. Hypoxanthine, aminopterin and 
thymidine were purchased from Sigma Chemical Company.

2.10 Differentiation of murine erythroleukemia cells

Murine erythroleukemia cells were induced to differentiate by 

culturing in hexamethylenebisacetamide (HMBA) as described by Reuben
5et al.. 1976. Cells were seeded at a density of 10 /ml in 

aMEM+10%FCS into 90mM petridishes. 24 hours later, the medium was 
changed and supplemented with 3mM HMBA. The cells were optimally 

differentiated 3-4 days later.
HMBA was a gift of P. Marks.

2.11 Stable transformation of eukaryotic cells by cloned DNA

Cells were transformed using a modification of the method described
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by Wigler et al., 1979. For transformation of L cells, 100ng DNA 
carrying a selectable gene was added to each petridish which 

contained 1-5x10° cells; for transformation of MEL cells, 1-5pg 
selectable DNA was added. The total amount of added DNA was made up 
to 40pg with salmon sperm carrier DNA and/or nonselectable DNA to be 

introduced into the cells by cotransformation (Hsiung et al.. 1980).
Q

18-36 hours before addition of transforming DNA, 1-2x10 

cells were seeded in aMEM+10% FCS into a 90 mM petridish. DNA to be 
introduced into the cells was precipitated with ethanol, dissolved in 

450 pi 1mM Tris, 0.1mM EDTA pH7.9, and 50pi 2.5M CaCl^ added.
500pi 2xHBS (2xHBS = 280mM NaCl, 50roM HEPES, 1.5mM Na HP0 pH

C t TT

7.12) was added dropwise, resulting in the formation of a fine white 
precipitate. This was left at room temperature for 10-30 minutes and 

then put on the cells. The medium of the cells (aMEM+10% FCS) was 
renewed 12-24 hours later, and after a further 24 hours the cells

5were diluted so as to maintain a density of 10 cells/ml into 
medium supplemented with HAT or G418 (concentrations as in section 
2.9). Cells usually started dying after 2 days culturing in 

selection medium, and colonies of transformed cells appeared after a 
further 7-14 days. The transformation efficiency of L cells was 

usually 1000 clones/pg DNA/10 cells; the efficiency of MEL cell
g

transformation was 1-50 clones/pg DNA/10 cells. Clones were 
transferred into 10mm microwell dishes, and maintained throughout
subsequent passaging in selection medium.
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2.12 Phenol/Chloroform extraction of nucleic acids

Protein was removed from DNA and RNA solutions by extraction with 

water-saturated phenol:chloroform:isoamylalcohol (24:24:1,v:v:v) 

containing 0.1% hydroxyquinoline (PCI). Samples were mixed with an 

equal volume of PCI until an emulsion formed, and the phases 
separated by centrifugation at 1600g for 10minutes. When isolating 

high molecular weight genomic DNA, the DNA solution and PCI were 
mixed by gentle swirling and large bore pipettes were used to 

transfer the aqueous phase. Traces of phenol or chloroform were 
removed from nucleic acid solutions by extraction with water- 
saturated ether.

2.13 Ethanol precipitation of nucleic acids

RNA and DNA were precipitated from solution by adjusting the salt 
concentration of the nucleic acid solution to 0.25M in NaAc, addition 

of 2.5 volumes of ethanol, and cooling at -20°C for 30 minutes. 
Nucleic acid was recovered by centrifugation at 12,000g for 10 

minutes at 0°C. High molecular weight genomic DNA was 
precipitated by gently mixing the DNA solution with 2.5 volumes of 
ethanol and lifting out the fibrous DNA precipitate with a sealed 
pasteur pipette.

2.14 Large scale preparation of plasmid DNA from bacterial cultures

Plasmid DNA was prepared using a modification of the alkaline
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lysis method of Birnboim and Doly, 1979, followed by further 
purification of the DNA on caesium chloride gradients 

(Radloff et al., 1967).
Bacterial cells of a 1 litre logarithmic phase culture were 

pelleted by centrifugation at 4000g for 20 minutes, resuspended in 
50ml 50mM glucose, 10mM EDTA pH8, 25mM Tris pH8, and lysed by mixing 

for 5 minutes with 100ml 0.2M NaOH, 1% SDS. Chromosomal DNA was then 

precipitated by addition of 50ml 3M KAc pH4.8, and pelleted by 
centrifugation at 4000g for 10 minutes. The supernatant (containing 
plasmid DNA) was filtered through muslin, and the plasmid DNA 

precipitated by addition of 0.6 volumes of isopropanol. The DNA was 
pelleted by centrifugation and dissolved in 9ml 100mM tris, 1mM EDTA 
pH8. 10g caesium chloride and 1 ml of a 5mg/ml solution of ethidium 

bromide were added. The solution was transferred to a Beckman 
"quickseal" ultracentrifuge tube and the caesium chloride gradient 
centrifuged in a Beckman L8-55 ultracentrifuge for 16-30 hours at 
55K. After equilibration, two bands were seen in the gradient; the 
lower one contained the plasmid DNA and was removed through the side 

of the tube using a syringe. This DNA was then diluted 3 times with 
water, precipitated with ethanol, pelleted, and dissolved in 500pl 

1OOmM Tris, 0.1mM EDTA pH8. The solution was extracted twice with 
PCI and the DNA precipitated with ethanol and pelleted. The DNA was 
dissolved in 200[il of 100mM NaCl, 50mM tris pH7.5, 5mM EDTA, treated 
with 100pg/ml RNase for 30 minutes at 37°C, and the solution then 
extracted with PCI. The plasmid DNA was finally precipitated with 
ethanol, pelleted by centrifugation, and dissolved in 1ml 10mM tris 

pH 7.5. 11 of bacterial culture usually yielded 1mg plasmid DNA.
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RNase A (from Bovine pancreas) was purchased from Sigma 

Chemical Company.

2.15 Preparation of plasmid DNA from bacterial minicultures

10ml bacterial minicultures were innoculated from single colonies of 
a bacterial transformation (section 2.8). Bacteria were pelleted by 

centrifugation at 4000g for 30 minutes, resuspended in 200pl 50mM 
glucose, 10mM EDTA, 25mM tris pH8, transferred to a 1.5ml snapcap 
Eppendorf tube, and lysed by addition of 400pl 0.2M Na0H,1% SDS. 

200pl 3M KAc pH4.8 was added, and the precipitated chromosomal DNA 
pelleted by immediate centrifugation at 4000g for 10 minutes. 0.6 

volumes of isopropanol was added to the supernatant, and the 

precipitated plasmid DNA pelleted. The DNA was dissolved in 200pl 
1OOmM NaCl, 50mM tris pH7.5, 5mM EDTA, treated with 100pg/ml RNase 

for 30 minutes at 37°C, and the sample then extracted with PCI.
The DNA was finally precipitated with ethanol, pelleted by 

centrifugation and dissolved in 100pi 10mM tris pH 7.5.
10ml bacterial cultures yielded 10-20pg plasmid DNA which was 

subsequently analysed by restriction enzyme digestion and Southern 
blot hybridization for the presence of the desired construct.

2.16 Isolation of high molecular weight genomic DNA from tissue culture 
cells

The procedure was modified from that described by Jeffreys and
Flavell, 1977. To avoid contamination of genomic DNA preparations by
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plasmid DNA, freshly autoclaved solutions and disposable sterile

plasticware were used throughout.
71-5x10 cells were pelleted by centrifugation at 1600g for 

10 minutes, resuspended in 5ml 100mM NaCl, 50mM tris pH7.5, 5mM EDTA 

and lysed by addition of an equal volume of 4% SDS. The solution was 

treated with 100pg/ml proteinase K at 37°C for 4-16 hours, 

extracted twice with PCI, and the DNA precipitated with ethanol. The 
DNA was then dissolved in 5ml 10mM NaCl, 5mM tris pH7.5, 0.5mM EDTA 

and digested with 100pg/ml RNase for 1 hour at 37°C. SDS was 
added to a final concentration of 0.5%, the solution treated with 

100pg/ml proteinase K for a further 2 hours at 37°C, and then 
extracted with PCI. The DNA was finally precipitated with ethanol

7and dissolved m  1-2ml 10mM tris pH7.5. 10 cells usually yielded

200 pg DNA.
Proteinase K was purchased from Boehringer Mannheim.

2.17 Restriction enzyme digestion of DNA

Restriction endonucleases were purchased from New England Biolabs or 
from Boehringer Mannheim. DNA was digested using the conditions 

recommended by the manufacturer for each enzyme.

In order to monitor digestion of genomic DNA, one tenth of 
the reaction mixture was removed before incubation and mixed 
with 0.5 pg A.-DNA. The X-control and main genomic-digests were 
then incubated in parallel, and digestion of the genomic DNA was 
monitored by checking completion of digestion of the A.-DNA.
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2.18 Agarose gel electrophoresis of DNA

DNA fragments of 0.1-30.0kb were separated by electrophoresis through 

0.2-2% horizontal slab agarose gels (Aaij and Borst, 1972). 
Electrophoresis buffer (TBE) consisted of 0.089M tris borate, 0.089M 
boric acid, 0.002M EDTA and contained 0.5 |ig/ml ethidium bromide.
Gels were prepared, loaded and electrophoresed as described in 
Maniatis et al., 1982. DNA was visualized by ultraviolet (300nm) 

illumination (Sharp et al., 1973).
Restriction enzyme digests of X (Daniells and Blattner, 1982), 

0 X 174 (Sanger et al.. 1977,1978), and pBR322 (Sutcliffe, 1978) DNAs 
were used as DNA fragment size markers (Helling et al., 1974).

Agarose (Type 1, low EEO) was purchased from Sigma Chemical 

Company.

2.19 Recovery of DNA from agarose gels

Agarose gels were made with ”low melting agarose” when the 
electrophoresed DNA fragments were to be recovered. This agarose 

melts at 65°C, i.e. below the melting temperature of DNA. DNA 
was recovered from melted agarose by a modification of the method 
described by Weislander et al.. 1979.

DNA was electrophoresed through 0.5-2.0% low melting agarose 
gels as described in Maniatis et al., 1982 and the appropriate DNA 
band excised under long wavelength ultraviolet illumination (300-360 

nm). The gel slice was melted at 65°C and extracted three times 
using phenol saturated with 0.3M NaAc pH4.8. The DNA solution was
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then extracted once with PCI and finally precipitated with ethanol.

Low melting agarose was purchased from PMC Corporation.

2.20 Polyacrylamide gel electrophoresis of DNA 

32P-labelled DNA fragments which were products of S1 nuclease 

mapping (section 2.27) and DNA sequencing experiments were analysed 
by electrophoresis through denaturing polyacrylamide-urea gels 
(Maniatis et al.. 1975).

5-20% polyacrylamide gels of dimensions 30cm x 40cm x 0.3mm
were poured, loaded and electrophoresed in TBE buffer (section 2.18)
as described in Maniatis et al., 1982. Radioactive DNA fragments

32were detected by autoradiography (section 2.4). P-labelled 

restriction enzyme digests of pBR322 and J2fX174 were used as DNA 
fragment size markers.

2.21 Strand separation of DNA fragments on polyacrylamide gels 

32P-labelled DNA fragments of <2kb were strand-separated by 
electrophoresis through non-denaturing polyacrylamide gels 

(Szalay et al.. 1977). Strand-separated DNA fragments were used 
as probes in S1 nuclease mapping experiments (section 2.27).

5-10% polyacrylamide gels of dimensions 30cm x 40cm x 0.5mm 

were poured, loaded and electrophoresed in 0.5xTBE (section 2.18) 
buffer as described in Maniatis et al.. 1982. Separated DNA strands
were located in the gel by autoradiography (section 2.4).
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2.22 Recovery of DNA from polyacrylamide gels 

32P-labelled DNA was located in the gel by autoradiography and 

the appropriate DNA band excised as described in Maniatis et al., 

1982. The DNA was eluted by leaving the gel slice to stand for 4-24 

hours at room temperature in 500pl 0.5M NH^Ac, 0.5% SDS, 1mM EDTA 
(Maxam and Gilbert, 1977). The gel slice was then removed from the 
buffer and discarded, and the remaining solution extracted with PCI. 

The eluted DNA was then precipitated with ethanol.

2.23 Southern blotting of DNA from agarose gels onto nitrocellulose 
filters

Restriction enzyme digests of cloned or genomic DNA were transferred 
from agarose gels to nitrocellulose filters using modifications of 

the methods described by Southern, 1975, 1980 and by Jeffreys and 

Flavell, 1977.
DNA digests were electrophoresed through 0.5-1.5% horizontal 

agarose gels as described in section 2.18 . Samples contained 
0.2-1.0pg cloned DNA or 10-20pg genomic DNA. The gel was transferred 

to a glass tray and shaken in 0.25M HC1 for 20 minutes at room 
temperature; this resulted in partial hydrolysis of the DNA by acid 
depurination and hence more efficient transfer of large DNA 

fragments. The DNA was then denatured by shaking the gel in 2-3 

volumes of 1.5M NaCl, 0.5M NaOH for 1 hour at room temperature, and 
the gel neutralized by shaking for a further hour in 0.5M tris, 3.0M
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NaCl pH 7.0. DNA was then transferred from the gel to a 0.1 nm 
nitrocellulose filter using blotting apparatus as described in 
Maniatis et al.t 1982. After transfer, nitrocellulose filters were 

baked for 2 hours at 85°C.
Nitrocellulose filters for Southern blotting were purchased 

from Schleicher and Schull.

2.24 Hybridization of Southern blot filters

Solutions:

20xSSC 3M NaCl, 0.3M NaCitrate pH6.15

100xDenhardt’s 20g/l Picoll 400
20g/l polyvinylpyrollidone (PVP) 
20g/l bovine serum albumin (BSA)

Prehybridization 3xSSC
1OxDenhardt's 
0.1% SDS
50pg/ml denatured salmon sperm DNA

Hybridization

Wash solutions

Prehybridization solution supplemented with
10% dextran sulphate

1 st 3xSSC, 0.1% SDS
2nd 1xSSC, 0.1% SDS
3rd 0.3xSSC, 0.1% SDS
4th 0.1xSSC, 0.1% SDS

Baked nitrocellulose filters from Southern blots were cut into strips 
of 15cmx3cm and wetted in 3xSSC. They were prehybridized by shaking 

in 50-100ml of prehybridization mixture for 2-3 hours at 65°C and
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then transferred individually into 20-30 ml preheated (65°C) 

hybridization solution which contained 100—300 ng nick—translated DNA
gprobe (specific activity >10 cpm/|ig DNA; section 2.33).

Hybridization was for 12-24 hours at 65°C in plastic boxes.

Filters were then washed to the desired stringency by shaking 
sequentially in the above wash solutions; each wash was for 30 
minutes at 65°C in 500 ml solution. Filters were then rinsed in 

3xSSC at room temperature and air-dried.
PVP-40, BSA (fraction V), and salmon sperm DNA were purchased 

from Sigma Chemical company. Dextran sulphate and Ficoll 400 were 

purchased from Pharmacia.

2.25 Colony hybridization

When transformed bacterial colonies (section 2.8) were to be screened 
by hybridization (Grunstein and Hogness, 1975), the transformation 

mixture was plated directly onto nitrocellulose filters on agar 

plates, and replica filters were prepared by filter-to-filter contact 
(Hanahan and Meselson, 1980). The procedures for plating and 
replica-plating using nitrocellulose filters, and for transfer of 
bacterial colonies from an agar plate to a nitrocellulose filter were 

as described in Maniatis et al., 1982.
Bacterial colonies were lysed on the nitrocellulose by placing 

the filter for 5 minutes on a sheet of Whatmann 3MM paper saturated 
with 0.5M NaOH. The filter was then floated for 5 minutes on 1M tris 
pH7.5 and then for a further 5 minutes on 0.5M tris, 1.5M NaCl. Cell 

debris were removed from the filter by wiping thoroughly with soft
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Kleenex medical tissue soaked in 3xSSC, 0.1% SDS. The filter was 
rinsed in 3xSSC, baked for 2 hours at 85°C and hybridized to a 

nicktranslated probe as described in section 2.24.

2.26 Isolation of RNA from tissue culture cells

RNA was prepared using guanidinium chloride to simultaneously disrupt 

the cells and to inactivate nucleases (Chirgwin et al., 1979; Cox, 

1968).
71-5x10 cells were pelleted by centrifugation for 10 

minutes at 2000g, resuspended in 50-1OOpl 100mM NaCl, 50mM tris 
pH7.5, 5mM EDTA and lysed by addition of 500-1000pi 6M guanidinium 
chloride. The lysate was left on ice for 1-24 hours, extracted 

vigorously with PCI, and the phases separated by centifugation for 30 
minutes at 1200g. The nucleic acids were precipitated with ethanol, 
pelleted by centrifugation, resuspended in 200pl 10mM tris pH7.5,

10mM MgCl , 50mM NaCl and treated with 1pg ENase free DNasel for 

10 minutes at 37°C. The solution was then extracted with PCI and
7the RNA precipitated with ethanol. 10 cells usually yielded 

300-400pg RNA.

DNasel was purchased from Sigma Chemical company.
RNase was removed from commercial DNasel by chromatography on 
agarose 5 f- (4-aminophenylphosphoryl) uridine 2 *(3 ’)phosphate 
(Miles) as described by Maxwell et al.. 1977.
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2.27 SI nuclease mapping of RNA

Specific mRNAs were quantitated and mapped by SI nuclease analysis 
(Berk and Sharp, 1977) using end-labelled DNA probes (Weaver and

Weissman, 1979; Favoloro et al., 1980).
32P end-labelled double-stranded or single-stranded DNA

7probe (specific activity >10 cpm/pg) was precipitated with 

ethanol and dissolved at a concentration of 0.2-1.0ng/|jl in 40mM 

PIPES pH6.4, 1mM EDTA, 0.4M NaCl, 80% formamide. 10pi probe was 
added to 10-50pg dried RNA pellet in a 1.5ml snapcap Eppendorf tube, 
the RNA dissolved thoroughly by pipetting up and down, and the 
nucleic acids denatured by heating at 85°C for 10 minutes. The 
tube was then quickly transferred to a water bath at the desired 

hybridization temperature. Optimal hybridization temperatures were 

chosen so as to minimise the formation of DNA-DNA hybrids while 
allowing RNA-DNA hybrids to form (Casey and Davidson, 1977), and were 

determined empirically for each probe. The hybridization 
temperatures when using double-stranded and single-stranded probes 

were usually 52°C and 37°C respectively. Samples were 
hybridized for 4-24 hours and then digested for 2 hours at 20°C 
with 3000 units SI nuclease in 300pl 200mM NaCl, 30mM NaAc pH4.8, 2mM 
ZnSO^. Samples were then extracted with PCI and the nucleic 
acids precipitated with ethanol. The products were electrophoresed 
on 5-15% denaturing polyacrylamide-urea gels (section 2.20).

SI nuclease was purchased from Boehringer Mannheim.
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2.28 Ligation of DNA fragments

DNA molecules with compatible cohesive termini or with blunt ends 
were ligated using T4 DNA ligase (Weiss et al., 1968). Self-ligation 

of DNA fragments containing antibiotic resistance genes was prevented 
by their dephosphorylation prior to inclusion in a ligation reaction 

(section 2.29).
Ligations were carried out in 10-30|j1 50mM tris pH7.4, 10mM 

MgClg, 10mM dithiothreitol, 1mM spermidine, 1mM ATP, 100|Jg/ml 
BSA. Reactions contained 100-200ng of each DNA fragment to be 

ligated and 10 units T4 DNA ligase. Ligation of fragments with 
cohesive ends was for 0.5-4 hours at 17°C; ligation of fragments 
with blunt ends was for 12 hours at 4°C. Ligation mixtures were 
added directly, without purification, to bacteria for transformation.

T4 DNA ligase was purchased from New England Biolabs.

2.29 Dephosphorylation of DNA

The terminal 5 • phosphates were removed from DNA fragments either 
prior to labelling the 5* end with T4 polynucleotide kinase, or in 
order to prevent self-ligation. Lyophilized Calf Intestinal 

Phosphatase (Chaconas and van de Sande, 1980) was purchased from 
Boehringer Mannheim and was subsequently stored at a concentration of 

500units/ml in 10mM tris pH9.5, 1mM MgCl^, 1mM ZnSO^, 50% 
glycerol.

0.1-5|ig DNA was dephosphorylated by treating with 0.5 units 
phosphatase in 10-50pl 10mM tris pH9.5, 1mM spermidine, 0.1mM EDTA
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for 1 hour at 37°C. Phosphatase was inactivated by incubating 

the reaction for a further 1 hour at 65°.

2.30 Labelling the 5 f ends of DNA using T4 polynucleotide kinase

T4 polynucleotide kinase (Richardson et al.t 1971) was used to label 
the 5' termini of DNA fragments to be used as probes in SI nuclease 

mapping (section 2.27).
0.1-5|ig dephosphorylated DNA was end-labelled by treating with 

10 units T4 polynucleotide kinase in 10-50jil 50mM tris pH9.5, 10mM 

MgCl , 5mM dithiothreitol, 1mM spermidine, O.lmMEDTA, 20-100pCiCt
32 oy P-ATP for 30 minutes at 37 C. Labelled DNA was separated

32from unincorporated y P-ATP by chromatography on Sephadex G50 

(section 2.34).
T4 polynucleotide kinase was purchased from P.L.Biochemicals

Inc.

2.31 Filling in of 5 * recessed termini of DNA fragments

3 ’ recessed termini created by digestion of DNA with certain 
restriction endonucleases were filled in by treatment with the Klenow 
fragment of E.coli DNA polymerasel (Jacobsen et al., 1974; Klenow et 
al., 1970) or with reverse transcriptase (Verma et al., 1977).

These reactions were used to create blunt-ended molecules for
ligation or to end-label DNA probes at the 3'end by filling in with 

■?oa P-dNTPs.
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a) using Klenow polymerase

0.1-1.0pg DNA was treated with 1 unit Klenow polymerase in 10-50^1

50mM tris pH7.8, 5mM MgCl^, lOmM mercaptoethanol, 500fiM dNTPs at 
o20 C for 1 hour. 20-100pCi a P-dNTP was included in 3* 

end-labelling reactions using Klenow polymerase.
Klenow polymerase was purchased from New England Biolabs.

b) using reverse transcriptase

0.1—1.0pg DNA was treated with 1 unit reverse transcriptase in

10-50jil 50mM tris pH8.3, 6mM MgCl , 40mM KC1, 100Mg/ml BSA, 1mM 
o 32dNTPs at 41 C for 1 hour. 20-100 M^i a dNTP was included in 

3' end-labelling reactions using reverse transcriptase.
Reverse transcriptase was purchased from Anglian Biotechnology

Ltd.

2.32 Removing 5 1 protruding termini of DNA fragments

3 ’ protruding termini created by digestion of DNA with certain 
restriction endonucleases were removed by using the 3 ’-5 ’ exonuclease 
activity of Klenow polymerase or by using SI nuclease. This created 
blunt-ended molecules for use in ligations.

a) using Klenow polymerase
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0.1-1.0pg DNA was treated with 5 units Klenow polymerase in 10-50|il 

50mM tris pH7.8, 5mM MgCl ,10mM mercaptoethanol at 20°C for 1(j
hour; dNTPs were then added to a final concentration of 500pM and 

incubated the reaction incubated for a further hour at 37°C.

b) using SI nuclease

1—1 Opg DNA was treated with 1000 units SI nuclease (Boehringer) in 
100|jl 200mM NaCl, 30mM NaAc pH4.8, 2mM ZnSO^ at 20°C for 
1 hour. DNA was then "repaired" using Klenow polymerase or reverse 
transcriptase as described in section 2.31.

2.33 Nick translation of DNA

32DNA fragments were labelled with P to a specific activity of
g1-10x10 cpm/pg by nick translation using E.coli DNA polymerase I

(Kelly et al.. 1970; Rigby et al., 1977).
50-500ng DNA was labelled in a 16pi reaction containing 20pM

dGTP, 20pM dCTP, 50mM tris pH7.8, 5mM MgClg, 10mM
32 32mercaptoethanol, 20pCi a P-dATP, 20pCi a P-dTTP, 2 units 

E.coli DNA polymerase I; the reaction was for 1-2 hours at 16°C 
and sometimes included an empirically determined amount of DNasel 
(usually 0.5ng/ml). Under these reaction conditions, approximately 

30% of labelled nucleotides were incorporated into the DNA, and 

labelled DNA strands were 400-800 nucleotides long. Nick-translated 
DNA was separated from unincorporated nucleotide by chromatography on
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Sephadex G50.
E.coli DNA polymerase I was purchased from New England 

Biolabs.

2.34 Chromatography of DNA through Sephadex G50

32After radioactive-labelling of DNA fragments using a P-dNTP or 
32y P-ATP (sections 2.30, 2.31, 2.33), DNA was separated from 

unincorporated nucleotide by chromatography through 2ml Sephadex G50 

columns as described in Maniatis et al., 1982.

2.35 Northern blot hybridization

RNA samples were electrophoresed through formaldehyde gels, blotted 

onto nitrocellulose filters, and the filters hybridized to 
nick-translated probe using the method of Seed and Goldberg exactly 
as described in Maniatis et al.. 1982.

2.36 Isolation of nuclei from tissue culture cells and in vitro nuclear
transcription

Solutions Buffer A: 60mM KC1 
15mM NaCl

0.15mM spermine
0.50mM spermidine 

15mM Na HEPES pH7.5
All sucrose solutions were made in Buffer A.

Nuclear storage buffer: 20mM tris pH7.5
75mM NaCl 

0.50mM EDTA



0.85mM 
0.12mM 

50%

DTT

100

PMSF
glycerol

7 R10 -10 cells were pelleted by centrifugation at 1600g for 10 

minutes, homogenized in 2 ml 0.3M sucrose using 10 strokes of a 
Dounce homogenizer, and centrifuged through 6 ml 30% sucrose for 
10 minutes at 2.5K, 0°C using a Sorvall HB4 rotor. Nuclei were 
resuspended in 2M sucrose and pelleted through this same solution by 

centrifugation at 30K for 1 hour, 4°C using a Beckman SW50.1 

rotor. The nuclei were then washed in nuclear storage buffer, 
pelleted by centrifugation for 5 minutes at 5K, 0°C using a 
Sorvall HB4 rotor, and resuspended in nuclear storage buffer at a 

density of 10^ nuclei/10|H. Nuclei were stored at -70°C.
7Nuclear transcription labelling reactions contained 10 

nuclei in 100mM tris pH7.9, 50mM NaCl, 0.4mM EDTA, 0.1mM PMSF,

1.2mM DTT, 50mM NH SO , 4mM MnCl , 1mM GTP, 1mM ATP, 1mM
t c  t : C »

CTP, 29% glycerol, 10mM creatine phosphate, 130pg/ml creatine
32phosphokinase, 300-500pCi P-UTP in a 300pl reaction volume. 

Labelling was for 20 minutes at 26°C.

2.37 Hybridization of labelled nuclear transcripts to immobilized 
DNA fragments on nitrocellulose filters

DNA fragments were spotted onto 0.45|jm nitrocellulose filters using a 
Schleicher and Schull manifold apparatus as described in Kafatos et 

al., 1979. The filter was rinsed with water, placed onto the 

apparatus, and the dots rinsed through with 1M NH^Ac . The DNA
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sample was denatured by making it 0.3-0.4M in NaOH and leaving at 

room temperature for 10 minutes. The sample was then 

diluted with a equal volume of 2M NH^Ac, and loaded onto the 
apparatus. Samples contained 1-2|jg DNA fragment and were loaded in 

20-50|il volume. After loading, the dots were rinsed with a few drops 

of 1M NH^Ac. The filter was then rinsed thoroughly with 4xSSC, 
air dried and baked for 2 hours at 80°C. Individual 
nitrocellulose filter dots were cut out and hybridized to labelled 

nuclear transcripts as described in Groudine et al., 1984.

Filters were prehybridized for 2 hours at 41°C. They were then 

hybridized at 41°C for 48 hours in a 100-400pl hybridization
7mixture which contained labelled nuclear RNA from 10 cells

7(approximately 2-10x10 cpm). Hybridization was in 5ml 
polypropylene scintillation vial inserts. After hybridization, 
filters were washed 3 times in 0.3xSSC, 0.1%SDS at 54°C; each 

wash was for 15 minutes.

Prehybridization: 50% deionized formamide
5xSSC
5xDenhardt’s solution (section 2.24) 
50mM sodium phosphate pH7 
0.1% SDS

Hybridization: 50% deionized formamide
5xSSC
1x Denhardt's solution (section 2.24) 
20mM sodium phosphate pH7 
0.1% SDS
10% dextran sulphate
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CHAPTER 5

REGULATED EXPRESSION OF THE HUMAN B-GLOBIN QENE FAMILY IN 
MURINE ERYTHROLEUKEMIA CELLS

3.1 Introduction

Murine erythroleukeraia (MEL) cells are Friend virus transformed 
erythroid cells which are arrested at the proerythroblast stage of 
differentiation (section 1.2). Cultured MEL cells may be induced to 

complete erythroid maturation by treatment with a variety of 
chemicals such as dimethylsulphoxide (DMSO) or hexamethylene- 
bisacetamide (HMBA). This chemically triggered maturation closely 
resembles normal erythroid differentiation and results in an 

accumulation of adult-type mouse globin mRNA in the differentiated 
cell. A potential method for studying globin gene activation in 

erythropoiesis is therefore to analyse the expression of cloned 

globin genes after their introduction into MEL cells. Such 
experiments may ultimately give information about the DNA sequences 
which regulate p-globin gene activation and the mechanisms which 

control developmental switches in globin gene expression (sections 

1 .3, 1.5iv, 1.6).
In order to assess the feasibility of this approach, cosmids 

containing defined regions of the human p-like globin gene cluster 

were introduced into MEL cells, and expression of the foreign globin 
genes analysed during chemically induced erythroid differentiation.

It was thus possible to determine:-
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1. If expression of an introduced human globin gene was inducible 

upon differentiation of the host heterologous MEL cells.

2. If expression of the foreign human embryonic (s), fetal (y) 
and adult (P) globin genes behaved similarly during MEL 

differentiation.

3. If the expression of an introduced human globin gene was 
influenced by the presence of other genes and/or regions 
of the human p-like globin gene cluster i.e. if the genes 

were expressed in an independent manner.

3.2 Introduction of human globin gene cosmids into MEL cells

Cosmids containing specific regions of the human p-globin gene 
cluster (shown in Figure 5) were introduced into thymidine kinase 

negative (tk ) MEL cells by calcium phosphate transformation and 
selection in HAT medium. Some of these cosmids were large 

recombinants (>40kb) containing several genes of the p-globin cluster 

(e.g. COS HG28TK, COS HG25); others contained only one gene 
(e.g. p-pRT, y-pRT) together with several kilobasepairs of its 
flanking DNA. By analysing the expression of these cosmids during 
chemically induced differentiation of the host MEL cells it would be 

possible to determine

1. If the human p, y, and s-globin genes showed a similar pattern of 

expression during MEL differentiation when they were introduced 
together on cosmids containing 40kb regions of the gene cluster 

(COS HG28TK, COS HG25).
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2. If the expression of the foreign human (3-globin gene was

influenced by the presence of other regions of the gene cluster 
(COS HG28TK, COS HG29TK, COS HGD17, COS HG6N, 0-pRT), and 

likewise if expression of the human y-globin gene was affected 

by the presence of other (3-like globin genes (COS HG25, COS 
HG28TK, y-pRT).

Before transformation, cosmid DNA was linearized within the vector 

sequences by cleavage with Pvul. Since linearized transforming DNA 
integrates into the host cell chromosome preferentially at its site 
of cleavage, linearization within vector sequences would reduce the 
probability of random integration and disruption of the globin gene 

region.

Stable tk+ transformants were obtained at a frequency of
g

1-10 clones per 10 cells per |_ig DNA. Individual colonies were 
picked, cell cultures expanded, and DNA isolated and analysed for the 

presence of foreign human globin genes in the host MEL cells (section 
3.3). 10-15 MEL transformants containing each cosmid were induced to
differentiate by culturing for 3 days in the presence of 3mM 

hexamethylenebisacetamide (HMBA). RNA was prepared from 
differentiated and non-differentiated cells and expression of the 
endogenous mouse and foreign human globin genes analysed by SI 
nuclease mapping (sections 3.4-3.6).
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3.3 Southern blot analysis of MEL transformants

The presence of human globin gene sequences in the tk+ MEL

transformants was shown by Southern blot hybridization. DNA from MEL

transformants was digested with EcoRI, Hindlll or Bell, transferred

to a nitrocellulose filter, and hybridized to human globin gene
probes. The relative intensities of the hybridizing bands were
determined by densitometer tracing. The number of copies of the

introduced human globin gene cosmid per cell was approximated by

comparison of the intensity of the hybridizing bands in MEL
transformant DNA with those in human genomic DNA and in known amounts
of cloned human globin DNA. Figure 6 shows a Southern blot
hybridization in which human y-globin gene sequences were detected in

Hindlll digested DNA from MEL transformants containing cosmid COS
AHG25. The 3.0kb Hindlll human y-globin gene probe hybridized to 

both the 9.7kb ^y-globin and the 3.0kb ^y-globin gene Hindlll 
fragments, and the intensity of the hybridizing bands showed the MEL 

transformants to contain 1-15 copies of the foreign human globin 

cosmid per cell. Approximately 2% of MEL clones did not contain 
cosmid DNA, i.e. they were tk+ revertants of the tk cell 

line.
The hybridization of MEL transformant DNA to the human globin 

gene probes was shown not to be due to the presence of contaminating 
plasmid DNA in the samples by digestion with restriction enzymes 
which are sensitive to the methylation pattern acquired by plasmid 

DNA due to its propogation in E.coli. The enzyme Bell will not 
cleave plasmid DNA due to methylation by a bacterial methylase at the
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sequence GmATC. It will, however, digest eukaryotic DNA and 

plasmid DNA which has replicated in eukaryotic cells and hence lost 
the prokaryotic methylation pattern. Bell will not, therefore, 

cleave cosmid COS HG28TK, whereas digestion of human placental DNA 

yields bands of 9.8 kb (P) and 4.8 kb (5) which hybridize to a human 
p-globin gene probe (Figure 7). Figure 7 shows the detection of 
human p- and 8- globin gene sequences in EcoRI- and Bell-digested DNA 
from MEL transformants containing cosmid COS HG28TK. The presence of 
the 4.8 kb hybridizing band in Bell-digested DNA from the MEL clones 
shows them to be true human globin gene transformants; the 9.8 kb 
Bell band is not seen in the MEL transformant digests because the 
globin-vector junction of COS HG28TK lies within this fragment 

(Figure 5).
Hybridization of Southern blots to the human globin gene 

probes showed the presence in some MEL transformant DNA digests of 

"extra” hybridizing bands which were absent from cloned human globin 

or human genomic DNA digests. This indicated breakages within the 
globin gene fragments of the introduced cosmid, and could suggest 

integration of the human globin cosraid into the host cell chromosome 
or the formation of concatemers of transforming DNA. The introduced 

human globin cosmids were shown by Southern blot hybridizations to be 

non-rearranged in most of the MEL transformants.

3.4 Transcription of the endogenous mouse B~ma.ior globin gene in MEL 

transformants

MEL transformants were induced to differentiate by culturing for 3
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days in the presence of 3mM HMBA. RNA was prepared from induced and 

non-induced cells, and levels of mouse p-major globin transcripts 
were measured by SI nuclease analysis using a probe which detected 
the 3* end of the transcript. Figure 9 shows SI nuclease analysis of 

mouse p-major globin transcripts in MEL transformants; hybridization 
of correctly terminated mouse p-major globin mRNA to the 390 nt probe 

yielded a 240 nt fragment which was protected from SI nuclease 
digestion. Levels of mouse p-major globin transcript were 
quantitated by densitometer tracing comparison of the intensity of 
the 240bp SI nuclease protected band in hybridizations of MEL 

transformant RNA and of standard amounts of mouse reticulocyte 
polyA+ RNA (it was assumed that 1 cell contains 30 pg RNA and 
that 25% of mouse reticulocyte poly A+ RNA is mouse p-major 
globin mRNA; G-.Grosveld et al.. 1982b). 64 out of 66 MEL
transformants analysed showed a 100-200 fold increase in the level of 
mouse p-major globin mRNA upon differentiation. These levels 

corresponded to <100 copies of mouse p-major globin mRNA per 
noninduced cell and to >10,000 copies per induced cell. Six of the 
transformants which showed induction also had a high level of mouse 
p-major globin mRNA before HMBA treatment (>1000copies per cell;

Table 1) suggesting that these cells may have undergone partial 

spontaneous differentiation in absence of the chemical inducer.

3.5 Transcription of introduced human adult globin genes in MEL 

transformants

Human p-globin transcripts in MEL transformants were quantitated by
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SI nuclease analysis using probes which detected the 5 ’ and 3* ends 

of the mRNA. Under the hybridization and SI nuclease digestion 

conditions used, the human {3-globin probes did not detect the 
endogenous mouse p-major globin transcripts; any heterologous hybrids 

which may have formed between mouse globin mRNA and the end-labelled 

human gene probe were cleaved by SI nuclease in the nonhomologous 
regions, and hence no discrete SI nuclease protected fragment was 
observed. Also, high levels of mouse p-globin mRNA in induced MEL 

cells did not, by competition for human p-globin gene probe, reduce 
the amount of hybridization of human p-globin mRNA to the probe, 

since all hybridizations were in vast DNA excess.
Of 40 MEL transformants that contained a foreign human 

p-globin gene, 30 showed a 4-200 fold increase in the level of human 
p-globin mRNA transcripts upon differentiation as measured by SI 
nuclease analysis of the 3' end of the mRNA (Table 1). Inductions of 
human p-globin mRNA in MEL transformants containing COS HG28TK, COS 
HG29TK, COS HGD17, COS HG6N and p-pRT are shown in Figures 10 and 11. 

Hybridization of correctly terminated human globin transcripts to the 
700 nt EcoRI-MspI probe yielded a 212 nt fragment which was protected 
from SI nuclease digestion. Figures 9 and 8 show the corresponding 
induction of endogenous mouse p-globin mRNA in the same MEL 

transformants and Southern blot hybridizations of the clones. Both 
the percentage of MEL transformants showing inducibility and the 
levels of induced human p-globin mRNA were similar for each of the 
human p-globin gene cosmids; thus, cosmid p-pRT, which contains only 

1.5kb DNA flanking the p-globin gene to the 5' and 3* sides, was as 
inducible as COS HG28TK which contained sequences spanning from the
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fetal through to the adult region of the human p-like globin gene 
cluster. Of the ten transformants that showed no induction of human 
p-globin mRNA, two were noninducible for endogenous mouse p-globin 
mRNA (one COS HG6N and one p-pRT; Table 1), and four showed a high 

level of mouse p-globin mRNA before addition of HMBA (two COS HG6N 
and two COS HG28TK; Table 1). The level of induction of human 
p-globin mRNA did not correlate with the number of copies of the 

human p-globin gene in the transformant. Thus, of the inductions 
shown in Figure 10, that of the COS HG29TK clone was greater than 

that of the COS HGD17 clone, although the latter contained more 
copies of the human p-globin gene (Figure 8).

In order to determine whether the human p-globin transcripts 
in MEL transformants were correctly initiated, the 5 ' end of these 

mRNAs were mapped by SI nuclease analysis using a 330 nt Hinfl probe 
which covered the transcription initiation site of the p-globin gene; 
hybridization of correctly initiated human p-globin mRNA to this 

probe yielded a 65 nt fragment which was protected from SI nuclease 

digestion (Figure 12). Human p-globin transcripts in all MEL 
transformants analysed were found to be correctly initiated and 
levels of mRNA as measured by 5' end SI nuclease mapping corresponded 
to those determined by analysis of the 3' end of the transcript. 

Figure 12 shows SI nuclease analysis of the 5 f ends of human p-globin 
transcripts in three MEL transformants containing cosmid p-pRT; the 
3 ’ end SI nuclease analysis of the corresponding transformants is 
shown in Figure 11 .

Human p-globin mRNA in MEL transformants was quantitated as 

described in section 3.4 using mRNA from a patient with sickle cell
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anemia as a control. Non induced levels corresponded to 10-50 copies 
of human p-globin mRNA per cell; induced levels corresponded to 

120-2500 copies mRNA per cell. For example, the COS HG29TK clone 
shown in Figure 10 shows a 50-fold induction of human p-globin mRNA 

and has 1500 copies mRNA per induced cell.

3.6 Transcription of introduced human fetal ( y )  and embryonic ( s )  

globin genes in MEL transformants

Levels of human globin mRNA in MEL transformants containing the 
complete human y-globin (COS HG25, COS HG28TK and y-pRT) and e-globin 

(COS HG25) genes were measured by SI nuclease analysis using probes 
which detected the 5* and 3' ends of the mRNA. Of 31 transformants 

containing the human y-globin gene, 28 showed the same or a smaller 
amount of y-globin mRNA after differentiation. Three transformants 

showed a <8 fold inducibility of y-globin mRNA. Figure 13 shows SI 
nuclease analysis of human y-globin mRNA in MEL transformants 

containing cosmids COS HG28TK and COS HG25, which contained the 

fetal-adult and embryonic-fetal regions of the gene cluster 
respectively; hybridization of correctly terminated y-globin mRNA to 

the 600 nt EcoRI probe yielded a 168 nt fragment which was protected 

from SI nuclease digestion. SI nuclease analysis of y-globin 
transcripts in MEL transformants containing cosmid y-pRT is 
illustrated in Figure 14, in which the highest induction of y-globin 
mRNA ever observed is shown. Human y-globin mRNA was quantitated as 
described in section 3.4 by using RNA from a p° /8P° 
thalassemic patient as a standard (in this patient, levels of
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y-globin mRNA were elevated; see section 1.4viii). Levels of human 
y-globin mRNA in MEL transformants corresponded to 50-500 copies per 
cell; they were similar in MEL transformants containing each of the 
y-globin gene cosmids (COS HG25, OOS HG28TK, y-pRT) and did not 
correlate with the number of copies of the human y-globin gene in the 

clone.
All MEL transformants which contained the complete e-globin 

gene (COS HG25) showed the same or reduced levels of e-globin mRNA 
after differentiation (data not shown).

3.7 Induction of human B-globin mRNA in MEL transformants is due to 
transcriptional activation

The accumulation of mouse globin mRNA in differentiating MEL cells
results from both an increase in the rate of globin gene
transcription and an increase in the relative stability of globin

mRNA (section 1.2). Since all inductions of the foreign human
p-globin gene in MEL transformants were determined by SI nuclease

analysis, which measures the steady state level of a specific
transcript, it was necessary to determine whether the observed

increase in human p-globin mRNA levels was due to an increase in rate
of transcription of the foreign human p-globin gene. The relative
rate of transcription of the foreign human p-globin gene was measured
before and after differentiation using a nuclear transcription
run-off assay (Groudine et al., 1981; Hofer, 1982). In this method, 
32a P-UTP is incorporated into newly synthesised RNA in isolated

nuclei, and labelled nuclear transcripts then hybridized to specific



112

specific DNA probes which are usually immobilized as dots on 

nitrocellulose filters. Since the DNA probes are present in vast 
excess over the specific globin gene transcripts, the amount of 

hybridizing labelled nuclear RNA is proportional to the rate of 

transcription of the gene. Using such a procedure, it has been shown 
that the rate of transcription of the mouse p-major globin gene in 
MEL cells increases upon differentiation (Hofer et al.. 1982).

The relative rate of transcription of the foreign human 
p-globin gene was measured in an MEL transformant in which the 
induction and expression level of the foreign human p-globin gene was 

equal to that of the endogenous mouse p-major globin gene as 
determined by SI nuclease analysis (Figure 15, clone p-pRT-a)

Labelled nuclear transcripts from this MEL transformant were 
hybridized to mouse and human globin DNA probes. The probes were 
isolated from the second intervening sequence of corresponding 
p-globin genes, since this is the region of their greatest sequence 
divergence. Hybridization of labelled nuclear transcripts from 
non-transformed MEL nuclei before and after differentiation is shown 
in Figure 15. Differentiation of the MEL cells resulted in an 
increase in hybridization to the mouse IVS2 probe, indicating an 
increase in the rate of transcription of the mouse p-major globin 
gene. In contrast, no increase in hybridization to the human IVS2 
probe was observed, showing that the labelled mouse globin mKNA did 
not cross-hybridize with the human p-globin gene probe. Labelled 

nuclear transcripts from the human p-globin gene MEL transformant 
showed an increase in hybridization to both the mouse and human 

p-globin gene probes upon differentiation, indicating an increase in
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rate of transcription of both the endogenous mouse and foreign human 

p—globin genes (Figure 15). The increased levels of human p-globin 
mRNA observed upon differentiation of the MEL transformants as 
measured by SI nuclease analysis therefore resulted at least in part 

from an increase in rate of transcription of the gene. As an 
additional control, the relative rate of transcription of the mouse 
and human globin genes was measured in a transformant which showed 

only a low induction of the endogenous mouse gene and no induction of 
the foreign human p-globin gene as measured by SI nuclease analysis 
(Figure 15, clone p-pRT-b). Upon differentiation of this p-pRT-b 
transformant, there was only a slight increase in hybridization to 
the mouse probe and no increase in hybridization to the human globin 

gene probe. As a control for background hybridization, labelled 
nuclear transcripts were also hybridized to an insulin gene probe, 
since this gene is not transcribed in either differentiated or 
nondifferentiated MEL cells (Figure 40).

3.8 Discussion

By introducing into MEL cells cosmid DNA containing defined regions 
of the human p-like globin gene cluster, it was shown that expression 

of the adult(P) but. not fetal(y) or embryonic(e) gene was inducible 
during chemically triggered erythroid differentiation. Regulated 

expression of the human p-globin gene was observed when it was 
introduced either as part of the intact globin gene cluster or as an 
individual gene fragment containing only 1.5kb DNA flanking the gene 

to the 5* side; expression of the human y-globin gene was similarly
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unaffected by the presence of other regions of the gene cluster. 
Induction of the human p-globin gene resulted at least in part from 

an increase in the rate of transcription of the gene upon 
differentiation. The developmental stage specific human p-like 

globin genes thus behaved differently and independently, and the 
specific activation of the human adult p-globin gene mimicked globin 

gene activation during adult erythropoiesis.
Both the endogenous mouse and foreign human p-globin genes 

were inducible during chemically triggered erythroid differentiation 

in MEL cells. Expression of the human p-globin gene was regulated 
appropriately in the heterologous environment of the differentiating 
mouse cell even though it was introduced as naked DNA and probably 
did not acquire the particular chromatin constitution and DNA 
modification pattern obtained by the endogenous mouse globin gene by 
virtue of the passage of the MEL cell through the earlier stages of 
erythroid differentiation (see also Chapter 9). The inducibility of 
the human p-globin gene was thus an inherent property conferred by 

its DNA sequence, and the DNA sequences which regulate the specific 
activation of globin genes during erythroid differentiation are 
conserved between mouse and man.

The level of induction of the introduced human p-globin gene was 
usually about an order of magnitude lower than that of the endogenous 
mouse globin gene. This phenomenon may be explained by the fact that 

the human p-globin gene is activated less efficiently than the mouse 

counterpart in the heterologous murine erythroleukemia cells, or by 
the fact that expression of the introduced human globin gene may have 

been influenced by its site of integration into the host cell
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chromosome. The chromatin configuration and expression level of the 

host cell chromosome at the site of integration of the foreign gene 
might influence both the acquired chromatin constitution and 

transcriptional activity of the latter. Several lines of evidence 
suggest that the level of transcription of a gene may be influenced 

by its chromosomal position. For example, Kioussis et al. (1983) 
have shown that the transcriptional inactivity of a human p-globin 
gene in a case of yP thalassemia is due to a translocation which 

places the p-globin gene next to a region of chromosome which is in 
an "inactive” chromatin configuration (see also section 1.4vi and 

Chapter 5). Similarly, the integration of retroviral genomes into 
different regions of the host chromosome probably accounts for their 
different patterns of expression during development (Harbers et al., 

1981; section 1.5v). The integration of the foreign human p-globin 
gene into different regions of the chromosome in MEL transformants 
might account for its variable expression and induction level, and 
differences in chromatin constitution between the endogenous mouse 
and foreign human p-globin genes may explain the lower induction 

level of the latter.
The expression level of the foreign human globin genes in MEL 

cells may also have been influenced by their introduction as cosmid 
recombinants containing the selectable HSV-tk gene. By introducing a 
HSV-tk-globin recombinant into tk L cells and selecting for 
tk+ transformants, for tk revertants of these transformants 
and then for tk+ rerevertants, Roginski et al. (1983) have shown 

that expression of the globin genes was activated and inactivated
concomitantly with the activation and inactivation of the adjacent tk
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gene during the selection processes. Selection for expression of the 
tk gene in the globin gene cosmids described here may explain why the 

level of expression of the foreign human p-globin gene in the 
nondifferentiated MEL transformant is higher than that of the 

endogenous mouse gene; it may similarly account for the low level of 

constitutive expression of the noninducible y- and e-globin genes (see 
below).

The induction in MEL cells of the foreign human globin genes was 
specific for the adult(P) versus embryonic(e) or fetal(y) genes when 

these genes were introduced either together as a gene cluster or 

separately on individual gene fragments. This differential induction 
specificity is also observed in the expression of the endogenous 
mouse adult versus embryonic globin genes, and presumably reflects 

the fact that the MEL cells are erythroid cells derived from an adult 
mouse. The low level of transcription of the introduced y- and 
e-globin genes both before and after differentiation was possibly due 

to the fact that these genes were adjoined to the selectable HSV-tk 
gene (see above). Differential induction of introduced human p-like 

globin genes in MEL cells was also observed by Willing et al. (1979) 
who introduced chromosome 11 of a human fibroblast cell line into MEL 
cells by cell fusion and observed specific inducibility of the human 

p- but not y-globin genes. In these experiments it was not clear 
whether the chromatin constitution of the introduced DNA and/or the 
presence of an intact globin gene cluster influenced either the 

activation of the foreign human p-gene or the adult versus fetal 
induction specificity. For example, the transcriptional inactivity of 

the human p- and y-globin genes in the noninduced MEL cell may have
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been dependent on their introduction in an inactive fibroblastic 
chromatin configuration, with the specific induction of the p-gene 
reflecting specific chromatin changes upon differentiation. Data 

presented in this chapter confirm that the activation of foreign 
human p-like globin genes in MEL cells is specific for the adult 

versus fetal gene, and suggest that this specificity is conferred by 
the DNA sequences of the individual globin genes. The mechanisms by 
which such DNA sequences regulate gene activation are discussed in 

sections 9.2 and 9.3.
The induction in MEL cells of the introduced human p-globin

gene was independent of the presence of the rest of the gene cluster.
The foreign human p-gene was inducible when introduced as part of the

intact gene cluster (COS HG-28TK) or as an individual gene fragment
(p-pRT). Similarly, the expression level of the foreign human

y-globin gene in MEL cells was unaffected by the presence of other

regions of the cluster. Thus, although comparisons of the expression
levels of the p- and y-globin genes in various deletion thalassemia

and HPFH patients had suggested that both the intergenic region 
Abetween the y- and 5-globin genes and the region 3' to the p-gene 

were important in regulating globin gene activation and inactivation 

during development (section 1.4viii), these regions did not affect 
expression of the human p-like globin genes when introduced into MEL 

cells. The position of the individual human p-like globin genes 
within the gene cluster did not influence either the activation of 
the adult p-globin gene or the lack of activation of the fetal 

y-globin genes in the adult erythroid MEL environment, suggesting 
that the cluster organization of the human p-like globin genes may
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not be relevant to globin gene activation and switching during 

development in vivo.
The demonstration of the specific inducibility in MEL cells of 

an introduced human p-globin gene suggests that the system will be 

valuable in studying the mechanisms which regulate p-globin gene 
activation during adult-type erythroid differentiation; it will also 
be of use in determining the lesion in certain types of thalassemia 
and HPFH (section 1.4viii, Ch. 5, Ch.9). The following chapters 

describe the localization of DNA sequences which regulate 
p-globin gene activation (Chs. 6, 7, 8) and an analysis of the 
expression of foreign non-globin genes in MEL cells (Chs. 4, 6).
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I
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|
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|
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I
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I _ I
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TOTAL | 66 | 64 I 6 | 31 3 I 40 | 30

* Transcription of the y-globin gene in MEL transformants containing COS HG29TK initiates at a vector promoter 
(see Chapter 4) and is not included in the totals columns.

TABLE 1 INDUCTION OF HUMAN AND MOUSE GLOBIN mRNAs IN MEL TRANSFORMANTS CONTAINING HUMAN GLOBIN GENE COSMIDS
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Structure of human globin cosmids introduced into MEL cells 

Upper diagram
Cosmid recombinants contained the regions of the human p-like
globin cluster indicated; vector sequences are not shown. Cosmids
COS HG25, COS HG6N, COS HG28TK, COS HG29TK,and COS HGD17 were
gifts of F.Grosveld (F.Grosveld et al., 1982,1983). COS HG25 and
COS HG6N were isolated directly from a library constructed in the
tk-vector pOPF. COS HG28TK and COS HG29TK were constructed from
previously isolated cosmids and contained the HSV tk vector, pRT.
COS HGD17 was constructed by packaging and transduction of a
ligation mixture containing a Clal-BamHI fragment from cosmid pRT,
a BamHI-Xmal fragment containing the 3* side of the e-globin gene,

G Aand an Xmal-Pvul fragment containing the y, y, 8 and p 
globin genes together with part of the cosmid vector pJB8 (Ish 
Horowicz and Burke, 1981). Ligation yielded a DNA concatemer 
which deleted during the in vitro packaging to yield deletion 
cosmids including COS HGD17.

Lower diagram: Detailed structure of B-pRT-1 and y-pRT-A

p-pRT-1 was constructed by inserting the 4.7 kb human p-globin
Bglll fragment into the BamHI site of pRT. y-pRT-A wasAconstructed by inserting the 3.0 kb y-globin Hdlll fragment 
into the Hdlll site of pRT. p-pRT-1 and y-pRT-A are referred to 
as p-pRT and y-pRT in the text of Ch. 3. Arrows indicate the 
direction of transcription of the globin and HSV-tk genes.

Hd = Hdlll restriction sites
Bg/B = sites of cloning of Bglll fragment into BamHI site (both 
sites destroyed).

F igu re  5
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Southern blot analysis of MEL transformants containing the 
human globin cosmid COS HG25

F igu re  6

DNA was digested with Hdlll, electrophoresed on a 0.7% agarose 
gel, transferred to a nitrocellulose filter by Southern blotting 
and the filter hybridized to nick translated probe. The
hybridization probe was the 3.0kb Hindlll fragment isolated from

A Athe y-globin gene. This probe hybridized to both y- and
G . .y-globm gene sequences.

Lanes 1-16 contain 10pg Hdlll-digested DNA from individual 
MEL transformants.

Lane 17 contains 10pg Hdlll-digested human placental DNA.

Lane C contains 10pg Hdlll digested cloned COS HG25 DNA
mixed with 10pg Hdlll-digested untransformed MEL cell DNA.

Hdlll-digested untransformed MEL cell DNA did not show any 
hybridizing bands (not shown).
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Southern blot analysis of MEL transformants containing the 
human globin cosmid COS HG28TK

Upper Figure
DNA was digested with EcoRI or Bell, electrophoresed on a 0.7% 
agarose gel, transferred to a nitrocellulose filter by Southern 
blotting, and the filter hybridized to nick-translated probe. The 
hybridization probe was the 4.4kb PstI fragment isolated from the 
human p-globin gene. This probe hybridized to both human 8- and 
p—globin gene sequences.

Lane M contains 10(ig EcoRI- or Bell-digested DNA from 
untransformed MEL cells.

Lanes 1-4 contain 10pg digested DNA from individual MEL 
transformants.

Lane H contains 10 ng digested human placental DNA.

Lane C contains 10pg digested cloned COS HG28TK DNA mixed 
with 10jig digested nontransformed MEL cell DNA.

Lower Figure
The filter containing the EcoRI digested samples above was
rehybridized to the nick translated 1.6kb Hindlll fragment

Gisolated from the human y-globin gene probe. This probe
A Ghybridized to both yand y-globin gene sequences.
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Southern blot analysis of MEL transformants

DNA was digested with EcoRI, electrophoresed on a 0.7% agarose 
gel, transferred to a nitrocellulose filter by Southern blotting, 
and the filter hybridized to nick translated probe. The 
hybridization probe was the 4.4kb PstI fragment isolated from the 
human p-globin gene. This probe hybridized to both human 8- and 
p-globin gene sequences.

Lane 1 contains 10|jg EcoRI-digested untransformed MEL cell DNA

Lanes 2-7 contain EcoRI-digested DNA from individual MEL 
transformants; these transformants correspond 
to those shown in Figures 9 and 10.

Lane 8 contains 10pg EcoRI-digested human placental DNA.

Lanes 9-12 contain 10pg EcoRI-digested cloned cosmid DNA
mixed with 10|ig digested untransformed MEL cell DNA.

F igu re  8
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SI nuclease analysis of mouse B~ma.ior globin gene transcripts in 
MEL transformants

F igu re  9

Individual MEL transformants containing the cosmids indicated were 
grown for 3 days in the presence(+) or absence(-) of the 
differentiation inducer HMBA. RNA was prepared by the guanidinium 
chloride method, and 1 pg samples of total RNA were analysed by SI 
nuclease mapping using the mouse p-major globin gene 3* probe 
illustrated. The probe was end-labelled by reverse transcription 
to a specific activity of >10^ cpm/pg. Hybridization was 
at 52°C; SI nuclease digestion was for 2 hours at 20°C.
Products were electrophoresed on a 7M urea 7% acrylamide gel. 
Control polyA+RNA was obtained from mouse reticulocytes.
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SI nuclease analysis of human B-globin gene transcripts in 
MEL transformants containing COS HG28TK. COS HG29TK. COS HGD17 
and COS HG-6N

Individual MEL transformants containing the cosmids indicated and 
corresponding to those shown in Figures 8 and 9 were grown for 3 
days in the presence(+) or absence(-) of the differentiation 
inducer HMBA. RNA was prepared by the guanidinium chloride method 
and 10pg samples of total RNA were analysed by SI nuclease mapping 
using the human p-globin gene 3 ’ probe illustrated. The probe was
end labeled by reverse transcription to a specific activity of

7 o>10 cpm/|ig. Hybridization was at 52°C; SI nuclease
digestion was for 2 hours at 20°C. Products were
electrophoresed on a 7M urea 1% acrylamide gel. Control
polyA+RNA was obtained from a patient with sickle cell
anaemia.

Figure 11

SI nuclease analysis of human B-globin transcripts in MEL 
transformants containing B~pRT

Individual MEL transformants containing cosmid p-pRT were 
analysed as in Figure 10.
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SI nuclease analysis of the 5 * end of human B-globin gene 
transcripts in MEL transformants

Individual MEL transformants containing p-pRT and corresponding to 
those shown in Figure 11 were grown for 3 days in the presence(+) 
or absence(-) of the differentiation inducer HMBA. RNA was 
prepared by the guanidinium chloride method and 100(jg samples were 
analysed by SI nuclease mapping using the human p-globin gene 5 * 
probe illustrated. The probe was end-labelled using T4 
polynucleotide kinase to a specific activity of 10 cpm/|ig and 
then strand separated. Hybridization was at 37°C in a 40}il 
volume; SI nuclease digestion was for 1hour at 20°C followed 
by 1 hour at 40°C. Products were electrophoresed on a 7M urea 
10% acrylamide gel. Control polyA+RNA was obtained from a 
patient with sickle cell anaemia.
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SI nuclease analysis of human y-globin gene transcripts in 
MEL transformants containing COS HG25 and COS HG-28TK

Individual MEL transformants containing the cosmids indicated were 
grown for 3 days in the presence(+) or absence(-) of the 
differentiation inducer HMBA. RNA was prepared by the guanidinium 
chloride method and 10pg samples of total RNA were analysed by SI 
nuclease mapping using the human y-globin gene 3* probe 
illustrated. The probe was end-labelled by reverse transcription 
to a specific activity of >10 cpm/|j.g. Hybridization was at 
52°C; SI nuclease digestion was for 2 hours at 20°C.
Products were electrophoresed on a 7M urea 7% acrylamide gel. 
Control polyA+RNA was obtained from patient with 
P°/8P° thalassemia.

Figure 14

SI nuclease analysis of human y-globin transcripts in MEL 
transformants containing y-pRT

Individual MEL transformants containing cosmid y-pRT were analysed 
as described in Figure 13. Each hybridization sample contained 
30pg total RNA.
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Figure 15

Dot hybridisation of labelled nuclear transcripts from MEL 
transformants containing human B-globin gene cosmid B-pRT

Nontransformed MEL cells and 2 p-pRT MEL transformants were grown 
for 3 days in the presence (+) or absence (-) of 3mM HMBA and 
nuclei isolated. Labelled nuclear transcripts were synthesized 
and hybridized to human p-globin (H) and mouse p-major globin (M) 
gene probes which were immobilized as dots on nitrocellulose 
filters. The human p-globin gene probe was the EcoRI-BamHI IVS2 
fragment; the mouse p-major globin probe was the Hdlll-PstI IVS2

7fragment. Each hybridisation contained labelled RNA from 10 
cells.
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CHAPTER 4

REGULATED TRANSCRIPTION FROM A HERPES SIMPLEX VIRUS PROMOTER IN 
MURINE ERYTHROLEUKEMIA CELLS

4.1 Introduction

This chapter describes the identification and characterization of a 

Herpes Simplex Virus (HSV) transcript which initiated in the 5 f 
flanking region of the HSV tk gene in the cosmid vector pRT and which 
was inducible during differentiation in MEL transformants. The 
transcript was detected in MEL transformants containing the human 
globin cosmids in which this HSV tk region of the pRT vector was 

adjoined directly to the 3 * end of a human globin gene (COS HG29TK, 
COS HGD17). The induction of foreign genes in MEL cells was not, 

therefore, specific for globin, and DNA sequence comparison of the 
different inducible globin and non-globin genes may lead to the 

identification of sequences required for gene activation and to the 

characterization of specific classes of genes whose expression in MEL 
cells is regulated in a differentiation-dependent manner.

4.2 Identification of inducible human globin gene transcripts in 
MEL transformants containing truncated human y -  and s-globin 

genes

Cosmids COS HG29TK and COS HGD17 contained the complete human
Ap-globm gene together with the 3 ’end only of the human y- and
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e-globin genes respectively (Figure 16). Cosmid COS HG29TK contained 

the 3 ’end of the human ^y-globin gene joined at the BamHI site of 
its 2nd exon to HSV sequences of the vector pRT (Figure 16); the

Apromoter and 5 ’ end of the y-globin gene were therefore absent

from the construct. COS HGD17 contained the 3' end of the e-globin
gene joined in a likewise manner to HSV vector sequences (Figure 16).

The introduction of COS HG29TK and COS HGD1 7 into MEL cells and

analysis of transformants for expression of the human p-globin gene
was described in sections 3.2, 3.3 and 3.5.

RNA from 9 MEL transformants containing COS HG29TK was also
analysed by SI nuclease mapping using a probe which detected
specifically the 3' end of human y-globin mRNA (section 3.6).
Surprisingly, 6 transformants showed a 10-30 fold induction of
transcripts which hybridised to this probe (Figure 17). Since the 

Anormal human y-globin gene promoter was absent, these inducible
transcripts must have initiated either randomly or specifically

within vector or host MEL cell DNA sequences and ended at the human 
Ay-globin gene termination site. Similarly, MEL transformants 
containing COS HGD17 showed an induction of RNAs which were detected 
by SI nuclease analysis using a probe which hybridised to the 3 1 end 

of human e-globin mRNA (Figure 18).

4.3 Northern blot analysis of the inducible hybrid globin transcripts

In order to determine the size and nature of the inducible human 
Ay- and e-globin gene transcripts detected in MEL transformants 

containing COS HG29TK and COS HGD17, RNA from these transformants was
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analysed by Northern blot hybridization.
RNA was isolated from nine COS HG29TK MEL transformants both

before and after differentiation, electrophoresed through a
formaldehyde gel and transferred to a nitrocellulose filter by

Northern blotting. These filters were hybridized to a human 
Ay-globin gene and a vector DNA probe. Both probes detected an 
inducible RNA of approximately 700bp which did not comigrate with 
endogenous mouse globin mRNA. Similarly, Northern blot analysis of 

MEL transformants containing COS HGD17 showed the presence of a 700bp 
inducible transcript which hybridized to both e-globin and to vector 

DNA probes. It therefore seemed probable that the inducible RNA was 
a hybrid vector-globin transcript. If it is assumed that the only 
RNA splicing occuring during maturation of this transcript is removal 

of the globin gene second intervening sequence, the RNA length 
observed on the Northern blot hybridization places the transcription 
initiation site close to that of the HSV tk gene of the vector, with 
transcription of the hybrid vector-globin mRNA and of tk mRNA being 

in the opposite direction.

4.4 Identification of the transcription initiation site of the 
inducible hybrid vector-globin RNA

The transcription initiation site of the inducible vector-globin 
hybrid RNA as indicated by Northern blot analysis was confirmed by SI 
nuclease mapping using a 510bp Xmal-Bglll probe which covered the 
predicted 5' end of the transcript (Figure 17 and 18). Hybridization 

of the inducible RNA to this probe yielded a 280-300bp fragment which
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was protected from SI nuclease digestion, thus mapping the 5* end of 

the hybrid transcript ("a-tk transcript") to be approximately 160bp 

away from the HSY tk gene cap site (Figure 19). Such an SI nuclease 

analysis does not, however, exclude the possibility that a small 

segment of RNA not detected by the probe is spliced onto the presumed 

5 f end of this inducible transcript.

Cosmids COS HG28TK, COS HG25, and COS HG6N also contained the 

region of HSV vector DNA in which the inducible hybrid transcript of 

COS HG29TK and COS HGD1V initiated. In the former cosmids, however, 

this HSV region was not linked to any known coding sequences (Figure 

5), and no inducible transcript initiating from it was detectable by 

SI nuclease analysis using the probe which hybridized to the 5 ’ end 

of the hybrid transcript of COS HG29TK and COS HGD17. This 

suggests that either an RNA splice site or a transcription terminator 

are required to yield the stable inducible transcript.

4.5 Discussion

It was surprising to find a transcript which initiated in the 5' 

flanking region of the HSV tk gene and which was inducible in MEL 

cells. Examination of the nucleotide sequence of this region of HSV 

DNA (McKnight, 1980) shows the presence of ATA and CAAT box promoter 

sequences (section 1.4iv, Figure 19) at the appropriate distances 5* 

to the initiation site of the inducible transcript. This indicates 

that this region of HSV DNA may be a "true" promoter and that 

transcription from it may occur physiologically in the viral life

cycle, i.e. the inducible RNA observed in MEL cells was not merely
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an aberrant transcription artifact of the system. A transcript 

initiating precisely at this site has also been observed in 

experiments showing in vitro transcription of HSV DNA fragments 

(Sullivan-Reed and Summers, 1983). Similarly, Wagner et al. (1983) 

have recently reported the identification of a late viral transcript 

initiating within this region; this viral RNA may therefore be that 

which was detected in the MEL transformants. Such a postulate may be 

tested by introducing total HSV DNA into MEL cells and determining 

whether a complete HSV transcript which initiates in the same region 

as the inducible hybrid HSV-globin transcript is present. The 

expression of viral genes is controlled by proteins produced both by 

the host cell and by the virus itself, and the finding of a HSV 

transcript which is regulated by proteins in induced MEL cells is not 

inconceivable. If this "anti-tkM promoter is indeed used naturally 

in the Herpes virus life cycle, it is possible that it normally 

responds to a trans-acting factor (produced either by the host cell 

or the virus itself) similar to the presumptive factor(s) which is 

present in induced but not in uninduced MEL cells and which activates 

expression of the cellular globin genes during the later stages of 

erythroid differentiation. Identification of the proteins which 

regulate expression of this Herpes inducible gene could be of use, by 

virtue of their possible homology with the putative MEL cell factor, 

in isolation of factors involved in regulating gene activity during 

erythroid differentiation. Also, the factors which physiologically 

regulate the expression of the HSV transcript might influence the 

expression of cloned globin genes in eukaryotic cell expression 

systems; this could be studied by analysing the expression of globin
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genes introduced into viral -infected or -transformed cells. Such 

factors might act by a similar mechanism by whereby the Adenovirus 

immediate-early E1A protein, which is responsible for activating late 

viral gene expression in vivo, activates the expression of a foreign 

cloned globin gene when provided in trans in a transient expression 

assay (Green et al.. 1983; Imperiale et al.. 1983; section 1.5iii)

The identification of the inducible Herpes transcript showed 

that the activation of foreign genes in MEL cells was not specific 

for globin. Figure 20 shows a DNA sequence comparison of the 5' 

flanking region of the different globin and non-globin genes which 

have been shown to be inducible in MEL cells. All such genes share a 

block of homologous sequences 5' to the ATA box. The possibility 

that these sequences regulate gene activation in MEL cells was 

therefore tested by studying the expression in MEL cells of 

introduced mutant globin genes which have deletions in their 5 ’ 

flanking region (Chapter 6).
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Structure of the globin-HSV .junction region in cosmids COS HG29TK 
and COS HG-D17

Upper Figure

Cosmids COS HCD17 and COS HG 29TK contained regions of 
the human p-globin cluster cloned into the HSV-tk 
vector pRT as indicated (see also Figure 5).

Lower Figure

Detailed structure of the vector-globin junction in cosmids COS
HG29TK and COS HGD17. At the globin-vector junction, COS HG29TK

Acontained the 3* end of the human y-globin gene joined at the 
BamHI site of its 2nd exon to HSY sequences of pRT; COS HGD17 
contained the 3 ’ end of the human e-globin gene joined in a 
likewise manner at this position. The direction of transcription 
of the HSV tk gene is indicated.
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Figure 17

SI nuclease analysis of hybrid vector-globin transcripts in MEL 
transformants containing COS HG29TK

MEL transformants containing COS HG-29TK were grown for 3 days in 
the presence (+) or absence (-) of the differentiation inducer 
HMBA. RNA was prepared by the guanidinium chloride method and 
10fjg samples of total RNA were analysed by SI nuclease mapping 
using the probes illustrated. The 600nt ^y-globin gene probe 
mapped the 3* end of the hybrid transcript; it was labelled by

7reverse transcription to a specific activity of > 10 cpm/|ig.
The 510nt Xmal-Bglll probe mapped the 5 ’ end; it was labelled

7using T4 polynucleotide kinase to a specific activity of 10 
cpm/pg. The 5* end of the inducible transcript initiating in HSV 
sequences is referred to as "anti-tk" RNA. Both probes were used 
simultaneously in the SI hybridization. Hybridization was at 
52°C and SI nuclease digestion was for 2 hours at 20°C.
Products were electrophoresed on a 7M urea 1% acrylamide gel.
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Figure 18

SI nuclease analysis of hybrid vector-globin transcripts in MEL 
transformants containing COS HG-D17

MEL transformants containing COS HGD17 were grown for 3 days in 
the presence (+) or absence (-) of the differentiation inducer 
HMBA. RNA was prepared by the guanidinium chloride method and 
10|jg samples of total RNA were analysed by SI nuclease mapping 
using the probes illustrated. The 190 nt e-globin gene probe 
mapped the 3' end of the hybrid transcript; it was labelled by 
reverse transcription to a specific activity of >10^ cpm/ng.
The 51 Ont Xmal-Bglll probe mapped the 5 f end; it was labelled

7using T4 polynucleotide kinase to a specific activity of 10 
cpm/pg. The 5' end of the inducible transcript initiating in HSV 
sequences is referred to as "anti-tk" RNA. Both probes were used 
simultaneously in the SI hybridization. Hybridization was at 
52°C and SI nuclease digestion was for 2 hours at 20°C.
Products were electrophoresed on a 7M urea 7% acrylamide gel.
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Figure 19

Nucleotide sequnce of HSV DNA at the transcription initiation site 
of the inducible hybrid vector-globin transcript
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Figure 20

Nucleotide sequence of the promoter region of genes showing 
inducibility in MEL cells



CCAAT box ATA box t r a n s c r ip t io n  i n i t i a t i o n

MOUSE p-MAJ
^  ̂  *1̂ ^  ^

CCAATCTGCTCACACAGGATAGAGAGGGCAGGAGCCAGGCAGAGCATATAAGGTGAGGTAGGATCAGTTGCTCCTCACATTTGCTTCTGACATA

MOUSE p-MIN
1

^  5|C 5$C )j( j|c jjc *  ^

CCAATCTGTCAGAGAGGACAGAGTGGGCAGGAGCCAGCATTGGGTATATAAAGCTGAGCAGGATCAGTTGCTTCTTA

HUMAN p
1

CCAATCTACTCCCAGGAGCAGGAGGGCAGGAGCCAGGGCTGGGCATAAAAGTCAGGGCAGAGCCATCTATTGCTTACATTTGCTTCTGACACAACTGTGTTC

RABBIT p
1

3)C 3fC ?)0|c

CCAATCTACACACGGGGTAGGGATTACATAGTTCAGGACTTGGGCATAAAAGGCAGACAGAGCAGGGCAGCTGCTGCTTACACTTGCTTTTGACACAAC

ANTI-TK
1

CCAATGACAAGACGCTGGGCGGGGTTTGTGTCATCATAGAACTAAAGACATGCAAATATATTTCTTCCGGGGACACCGCCAGCAAACGCGAGCAACGGCCACGGGG

**** indicates region of homology
Positions of CCAAT box, ATA box and transcription initiation are shown
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CHAPTER 5

EXPRESSION OF A CLONED B-GLOBIN GENE FROM A yB-THALASSEMIC PATIENT 

IN MURINE ERYTHROLEUKEMIA CELLS

5.1 Introduction

The expression of cloned human {3-globin genes in MEL cells offers a 

useful system in which to determine whether the mutant phenotype of a 

thalassemic globin gene is due to a defect in the regulatory DNA 

sequences which control its activation during erythroid 

differentiation. yP -thalassemia is characterized by a lack of 
expression of both the y- and p-globin genes of the mutant allele 

(section 1.4viii). The disease is fatal in the homozygote form, and 

in heterozygotes results in a severe anemia in the newborn and a mild 

p-thalassemia in later life. All three cases of yp-thalassemia 

examined so far are the result of large deletions within the p-globin 

gene cluster. Interestingly, in one form of Dutch yp-thalassemia, 

the deletion removes only the e, y and 8-globin genes and leaves the 

p-globin gene together with several kilobasepairs of its 5* and 31 

flanking DNA intact (van der Ploeg et al.. 1980). In order to 

determine the cause of the inactivity of this apparently intact 

p-globin gene, Kioussis et al. (1983) cloned the p-like globin gene 

cluster from the normal and mutant chromosomes of the Dutch 

thalassemic patient. Analysis of the DNA sequence of the cloned 

thalassemic p-globin gene and of its expression in a HeLa cell 

transient expression assay (section 1.5ii) showed that its phenotype
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was not caused by a mutation which created a stop codon or one which 

affected RNA splicing, transcription initiation or transcription 

termination. In order to determine whether the thalassemic phenotype 

was due to a mutation in the DNA sequences required for 

transcriptional activation as opposed to those required for 

transcription per se, the expression of the cloned yp-thalassemic 

p-globin gene was analysed here during differentiation in MEL cell 

transformants.

5.2 Structure of the yB-thalassemic globin gene locus and analysis of 

of its expression in MEL cells

The human p-like globin gene cluster of the normal and mutant 

chromosomes of the yP -thalassemic patient were cloned in the HSV tk 

vector pOPP by Kioussis et al. (1983). The structure of the mutant 

p-globin locus is shown in Figure 21. The endpoint of the deletion, 

which removes the 8, y and 5-globin genes, lies approximately 2 kb 5' 

to the p-globin gene; the yP5 cosmid clone indicated contained 

appromixately 11 kb DNA 5 ’ to the p-gene (of which 9 kb was 

translocated DNA) and 25 kb DNA to the 3 f side.

The cosmid yp5 was introduced into tk MEL cells by 

calcium phosphate transformation. 10 MEL transformants were isolated 

and expression of the foreign thalassemic p-globin gene analysed as 

described in section 3.5. 6 of these clones showed a >10 fold 

induction of human p-globin mRNA upon differentiation, as measured by 

SI nuclease analysis using a probe which detected the 3* end of human 

p-globin mRNA (Figure 22). The inducibility of the p-globin gene of
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the yP5 clone indicated that its thalasseraic phenotype was not caused 

by a mutation in the DNA sequences which regulate p-globin gene 

activation during the later stages of erythroid differentiation.

5.3 Discussion

The thalassemic phenotype of the p-globin gene in a Dutch case of yP 

thalassemia has previously been shown not to be the result of 

mutations generating stop codons, RNA splicing defects, or defects in 

transcription initiation or termination. The inducibility of the 

gene in MEL transformants further indicates that a mutation in the 

DNA sequences which regulate p-globin gene activation is not 

involved. This suggests that there is no defect in the p-globin gene 

per se and indicates that in the thalassemia, the translocated DNA 

which becomes juxtaposed to the p-globin gene is exerting a "negative 

effect" on the expression of the latter. The thalassemic p-globin 

gene was introduced into MEL cells as a cosmid clone containing 9kb of 

translocated DNA. This indicates that, unless sequences >9kb away 

from the gene were involved, the DNA sequence per se of the 

translocated DNA was not sufficient to mediate the suppression of the 

adjacent p-globin gene. Kioussis et al. (1983) have indeed shown 

that the chromatin constitution rather than the DNA sequence per se 

of the translocated DNA plays a role in the suppression of the 

adjacent p-globin gene. It was found that the transposed DNA is 

normally found in a region of the chromosome which is in a DNasel 

insensitive and hypermethylated state, indicating that it is 

transcriptionally inactive (section 1.4vi,vii). The p-globin gene on

J
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the translocated chromosome acquires this inactive chromatin 

configuration, whereas the allelic p-globin gene on the normal 

chromosome remains in a DNasel sensitive and hypomethylated state and 

is transcriptionally active. The inactivity of the p-gene in the 

Dutch yp-thalassemia is therefore probably due to the transposition 

of inactive chromatin. It would be of obvious interest to determine 

the chromatin structure of the introduced yP5 clone in MEL 

transformants. The inducibility of the thalassemic p-globin gene in 

MEL cells suggests that the inactive chromatin constitution of the 

translocated DNA as found in vivo is not restored when it is 

introduced into MEL cells as naked DNA; this is in agreement with 

most evidence which suggests that DNA introduced into eukaryotic 

cells acquires an active chromatin structure even when the endogenous

counterpart gene is inactive (discussed further in Chapter 9).
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Structure of cosmid clone vB5 from a vB thalassemic patient

Cosraid yP5 was isolated by D. Kioussis (Kioussis et al., 1983) 
from a cosmid library constructed from blood DNA of a yP 
thalasseraic patient in the vector pOPF (G-rosveld et al., 1982). 
The cosmid contained the p-globin gene from the mutant chromosome 
together with 11 kb DNA 5' to the p-gene and 25 kb DNA to the 3' 
side. The translocation breakpoint on the mutant chromosome 
resided about 2 kb 5 1 to the transcription initiation site of the 
p-globin gene. Positions of EcoRI restriction sites are 
indicated.
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SI nuclease analysis of human B-globin transcripts in MEL 
transformants containing cosmid vB5

MEL transformants containing cosmid yp5 were grown for 3 days in 
the presence (+) or absence (-) of 3mM HMBA. RNA was prepared and 
10|jg samples analysed by SI nuclease mapping using the 3' human 
p-globin gene probe illustrated and the procedure as described in 
Figure 10. Each hybridization contained 10pg total RNA.
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CHAPTER 6

THE INDUCTION IN MEL CELLS OF A FOREIGN RABBIT B-GLOBIN GENE 

REQUIRES ONLY 58BP DNA 5 * TO THE TRANSCRIPTION INITIATION SITE

6.1 Introduction

By introducing human globin gene cosmids into MEL cells, it was shown 

in Chapter 3 that expression of a foreign human p-gene was inducible 

during chemically triggered erythroid differentiation and that the 

induction did not require the presence of more than 1.5 kb DNA 5 ’ to 

the transcription initiation site of the globin gene. Since the 

regulatory DNA sequences of many genes have been shown to reside 

within their 5' flanking DNA (see section 1.5iv), a series of rabbit 

p-globin gene mutants with deletions within this 5* flanking region 

was introduced into MEL cells in order to make a preliminary 

localization of the DNA sequences which are required for globin gene 

induction.

6.2 Transcription of an introduced rabbit B-globin gene in MEL 

cells

In order to determine whether it would be feasible to study the 

expression and induction of a series of rabbit p-globin deletion 

mutants (G.Grosveld et al., 1981b, 1982a,b) in MEL cells, the 

inducibility of an intact foreign rabbit p-globin gene was firstly 

ascertained. The rabbit p-globin gene clone RppBSV, which contained
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425 bp DNA 5* to the transcription initiation site (Figure 23) was 

introduced into MEL cells by cotransfection with the human p-globin 

cosmid p-pRT. The latter clone contained the human p-globin gene 4.7 

kb Bglll fragment cloned into the HSY-tk vector pRT (Figure 5), and 

thus served as an "induction” control against which expression of the 

rabbit p-globin gene and its deletion mutants could be measured.

5 MEL clones transfected with both the rabbit and human 

p-globin genes were induced to differentiate and levels of human 

p-globin mRNA measured by SI nuclease mapping using a 700 nt 

EcoRI-MspI probe which detected the 3' end of the transcript. 4 out 

of the 5 clones showed a 5-80 fold induction of human p-globin mRNA 

upon differentiation. Rabbit p-globin mRNA levels in these 4 

transformants were measured by SI nuclease mapping using a probe 

which detected the 5 f end of the transcript. All 4 clones showed a 

10->40 fold induction of rabbit p-globin mRNA. Figure 25 shows the 

induction of rabbit p-globin mRNA in 2 of these clones; hybridization 

of the 221nt BstNI probe to correctly initiated rabbit p-globin 

transcripts yielded a 139nt fragment which was protected from SI 

nuclease digestion. The observed induction of the rabbit p-globin 

gene in these transformants suggested that it would be feasible to 

study the expression of the globin deletion mutant genes in this 

system.

6.3 Effect of SV40 DNA sequences on MEL cell transformation 

efficiency and expression of introduced genes

The rabbit p-globin gene clones had been constructed in vectors
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containing SV40 DNA (G.G-rosveld et al., 1982a,b). Since SV40 

sequences have been reported to affect both the efficiency of 

transformation of some eukaryotic cell lines and the level of 

expression of foreign genes in eukaryotic cells (Luciw et al., 1983), 

it was necessary to determine the effect of the SV40 sequences in the 

rabbit p-globin gene constructs on both of these parameters. The 

SV40 sequences of the rabbit p-globin gene clone (Figure 23) were 

therefore removed by cleavage of the DNA with Hindlll, and the 

transformation experiment described in section 6.2 repeated. The 

presence of SV40 DNA sequences in the rabbit p-globin gene clone was 

shown to have no effect on either the efficiency of transformation of 

the MEL cells, or on the inducibility and expression level of the 

introduced human and rabbit p-globin genes.

The expression of the intact SV40 DNA sequences in the MEL 

transformants described in section 6.2 was also analysed. ENA from 3 

of the these MEL transformants was analysed by SI nuclease mapping 

using a probe which detected the 5* end of SV40 early gene 

transcripts. Hybridization of the 645nt Avail probe (Figure 29) to 

correctly initiated SV40 early transcripts yielded fragments of 

115-140 nt which were protected from SI nuclease digestion. The 

control mKNA used in this SI nuclease analysis was obtained from CY1 

cells which were lytically infected with SV40, and the appearance of 

many SI nuclease protected fragments indicates the characteristic 

multiple initiation sites of SY40 early transcription. All 3 MEL 

transformants showed inducibility of SV40 early transcripts (Figure 

29); interestingly, only one or two of the multiple transcription 

initiation sites was observed in the SV40 transformed MEL cells.
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6.4 Structure of rabbit B-globin gene mutants

Rabbit p-globin gene deletion mutants were a gift of G. Grosveld; 

their structure is shown in Figure 24. Figure 24 also shows the 

relative transcription level of each mutant in the HeLa cell 

transient expression assay (section 1.5ii); this gives a measure of 

the effect of each deletion on the efficiency of transcription per se 

of the rabbit p-globin gene. The -100 mutant contained all of the 

promoter sequences required for transcription per se. but had no 

extra 5 f flanking DNA; analysis of the inducibility of the -425 and 

-100 mutants would determine whether the regulatory sequences resided 

within or outside the promoter boundary. The other mutants had 

deletions within the conserved sequence boxes required for 

transcription per se; the D76-93 mutant lacked the conserved -90 

region, and the -58 mutant, which had only 58 bp DNA 5' to the 

transcription initiation site, lacked both the conserved -90 region 

and CAAT box. Deletion mutations extending into the ATA box resulted 

in too great a reduction in transcription efficiency for the 

evaluation of inducibility in MEL cells to be possible (sections 6.5 

and 6.6).

6.5 Transcription of rabbit B-globin gene mutants in stable mouse L 

cell transformants

The transcription efficiency of the rabbit p-globin gene mutants was 

originally determined using the HeLa cell transient expression system
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(G.Grosveld et al.. 1982a,b). In this assay, transcripts from a 

foreign gene represent a 10-100 fold greater fraction of total 

cellular RNA than when the foreign gene is stably introduced into a 

eukaryotic cell (section 1.5ii). The expression of the rabbit 

p-globin gene mutants was therefore firstly studied in stable mouse L 

cell transformants in order to assess the feasibility of detecting 

their induction in stable MEL cell clones i.e. to ensure that any 

lack of transcription which might be observed in MEL transformants 

was not merely the result of the transcription level of mutant gene 

being below that of detection. It was also of interest to determine 

whether a given mutation had the same effect on transcription 

efficiency per se in both the HeLa cell transient expression system 

and in stable eukaryotic cell clones.

The rabbit p-globin gene mutants (Figure 24) had been 

constructed in a vector which lacked a selectable gene for eukaryotic 

cell transformation and were introduced into tk L cells by 

cotransfection with the vector pRT (F.Grosveld et al., 1982, see 

Figure 5) which contained the HSV tk gene. A mutant containing only 

35 bp DNA 5 * to the transcription initiation site of the rabbit 

p-globin gene was also introduced into L cells in the same manner. 

Levels of rabbit p-globin mRNA in individual L cell transformants 

were measured by SI nuclease analysis using a probe which detected 

the 3* end of the transcript. Figure 28 shows SI nuclease analysis 

of rabbit p-globin transcripts in transformants containing each of 

the mutants. L cell transformants containing deletion mutants D76-93 

and -58 showed a 10-50 fold lower level of rabbit p-globin 

transcripts than did transformants containing the intact gene (-425
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and -100 mutants). The level of transcription of any given mutant 

varied by 5-20 fold between individual transformants, and did not 

correlate with the number of copies of the rabbit p-globin gene in 

the cell. No rabbit p-globin transcripts were detectable in 

transformants containing deletion mutants which lacked the ATA box 

(-35 mutant). For any given mutant, the fraction of total cellular 

RNA represented by rabbit p-globin transcripts was 10-30 fold lower 

in the stable L cell transformants than when measured in the HeLa 

cell transient expression system. This implied that it would not be 

feasible to test deletion mutants extending into the ATA box for 

their inducibility in MEL cells since the absence of transcripts from 

such mutants in differentiated MEL cells would most likely result 

from the effect of the deletion mutation on transcription of the gene 

per se rather than being due to a possible deletion of regulatory 

sequences required for gene activation. Rabbit p-globin transcripts 

in L cell transformants were quantitated as in section 3.4 using 

rabbit bone marrow polyA+ RNA as a control. Levels of 

transcripts in L cell transformants containing the intact rabbit 

p-globin gene corresponded to 800-5000 copies mRNA per cell.

6.6 Transcription of rabbit B-globin gene mutants in MEL cells

The rabbit p-globin gene mutants (Figure 24) were introduced into MEL 

cells by cotransfection with the human globin cosmid p-PRT, and 10-15 

MEL clones transfected with each mutant were induced to 

differentiate by culturing for 3 days in the presence of 3mM HMBA. 

Levels of mouse, human, and rabbit p- globin mRNA were measured by SI
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nuclease analysis using probes which detected the 5' or 3' ends of 

the specific transcripts. Only transformants showing inducibility of 

both endogenous mouse p-major globin mRNA and foreign human p-globin 

mRNA were analysed for expression of the rabbit p-globin gene mutant.

SI nuclease mapping of rabbit p-globin gene transcripts in MEL 

transformants containing each of the mutants is shown in Figures 25 

and 26. Figures 27 and 28 show the induction of endogenous mouse 

p-major globin mRNA in the same MEL transformants and the level of 

transription of each mutant in stable L cell transformants.

6 out of the 8 transformants which contained the rabbit 

p-globin gene -100 mutant and which showed inducibility of human 

p-globin mRNA also showed induction of rabbit p-globin mRNA upon 

differentiation, thus indicating that DNA sequences 5* to the 

promoter boundary are not essential for activation of the rabbit 

p-globin gene. 4 out of 7 transformants containing the D76-93 

deletion mutant and 3 out of 6 transformants containing the -58 

mutant showed a 5-50 fold induction of correctly initiated rabbit 

p-globin transcripts. The absolute levels of rabbit p-globin mRNA 

varied extensively between individual transformants containing the 

same mutant. The level of transcription of the D76-93 and -58 mutant 

genes was, however, generally lower than that of the -425 and -100 

mutants, presumably due to the effect of these promoter mutations on 

the efficiency of transcription per se. Thus, removal of the -90 and 

CAAT box regions of the promoter sequences resulted in a reduction in 

efficiency of transcription but did not affect activation of the 

rabbit p-globin gene. It should be noted that the effect of the

D76-93 and -58 deletion mutations on expression of the rabbit
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p-globin gene was not as great in the differentiated MEL cells as it 

was as measured in the HeLa cell transient expression assay 

(G.Grosveld et al.. 1982a,b). Rabbit p-globin mRNA levels in MEL 

transformants were quantitated as described in section 6.5; levels in 

induced cells containing the intact rabbit p-globin gene (-425 

mutant) corresponded to 500-3000 copies mRNA per cell. These data 

therefore indicate that not more than 58 bp DNA 5 * to the 

transcription initiation site is required for induction of a 

transfected rabbit p-globin gene in MEL cells.

6.7 Discussion

It was shown that the expression in MEL cells of an introduced rabbit 

p-globin gene was inducible upon chemically triggered 

differentiation. Thus, as was observed for the human p-globin gene, 

the expression of the rabbit p-globin gene was regulated 

appropriately in the heterologous mouse erythroid cell environment. 

Induction of the rabbit p-globin gene did not require the presence of 

>58 bp DNA 5' to transcription initiation site; this implies that the 

DNA sequences which regulate p-globin gene activation during 

erythroid differentiation reside either within the 3 ' region of the 

promoter or within the structural gene and/or its 3' flanking region. 

The presence of regulatory DNA sequences within the close vicinity of 

an inducible gene has been previously described in other systems.

For example, the hormonal induction of a cloned metallothionen gene 

in Rat2 cells is mediated by elements residing 237-268bp upstream 

from the cap site (Karin et al.. 1984a; section 1.5iv). This and most
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other cases of gene induction differ from that of globin gene 

activation in that their regulatory element has been located 5* to 

the DNA sequences which are required for transcription per se; the 

DNA sequences which regulate globin gene induction were shown in this 

chapter to reside downstream from the CAAT box (discussed in Chapter 

9). Because both the level of induction and transcription of the 

rabbit p-globin gene mutants was very variable between individual MEL 

transformants, it was not possible to compare either of these 

parameters between the different mutants, and hence the presence of 

regulatory DNA sequences upstream from the -58 position which have a 

quantitative effect on the induction cannot be excluded. Since 

deletion of further sequences of the promoter greatly reduced the 

efficiency of transcription (section 6.5), the DNA sequences which 

regulate p-globin gene activation were further localized by the 

construction of hybrid genes between inducible and non-inducible 

genes (Chapters 7 and 8).
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Figure 25

Structure of rabbit B-globin gene clone RBnBSV

RppBSV was a gift of G. Grosveld. It contained the 2.2 kb rabbit 
p-globin gene Bglll partial fragment inserted into the BamHI site 
of vector pBSV (G.Grosveld et al., 1982a).

B = BamHI restriction site 
H = HindllI " "
E = EcoRI " "
Bg= Bglll " "

Bg/B = site of cloning of Bglll fragment into BamHI site (both 
sites destroyed).

Figure 24

Structure of rabbit B-globin gene deletion mutants

The construction of the rabbit p-globin gene mutants is described 
in G.Grosveld et al.. 1982a,b. The -425 construct corresponds to 
the RppBSV clone above; the mutants had deletions within these 425 
bp of 5' flanking DNA as illustrated. The relative transcription 
level of the mutants as measured in the HeLa cell transient 
expression system is indicated.

Mutants were introduced into tk L cells by cotransfection 
with the cosmid tk-vector pRT; they were introduced into MEL 
cells by cotransfection with the human p-globin gene cosmid 
p-pRT (Figure 5).
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Figure 25

SI nuclease analysis of the 5* end of rabbit B-globin transcripts 
in MEL transformants

Individual MEL transformants containing the rabbit p-globin gene 
mutants indicated and corresponding to those shown in Figure 26 
were grown for 3 days in the presence (+) or absence (-) of the 
differentiation inducer HMBA. RNA was prepared by the guanidinium 
chloride method and 100|ig samples were analysed by SI nuclease 
mapping using the rabbit p-globin gene 5 ’ probe illustrated. The 
probe was end-labelled using polynucleotide kinase to a specific 
activity of >10 cpm/jigDNA and strand separated.
Hybridization was at 37°C; SI nuclease digestion was for 2 
hours at 20°C. Products were electrophoresed on a 7M urea 7% 
acrylamide gel. Control polyA+ RNA was obtained from rabbit 
bone marrow.

Figure 26

SI nuclease analysis of the 5 1 end of rabbit B-globin transcripts 
in MEL transformants

The 3* end of rabbit p-globin transcripts in MEL transformants 
corresponding to those shown in Figure 25 was analysed using the 
probe illustrated and the method described in Figure 28.
Each sample contained 10|jg total RNA.
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Figure 27

SI nuclease analysis of mouse B-~ma.ior globin transcripts in MEL 
transformants containing rabbit B-globin gene mutants

Individual MEL transformants containing the rabbit p-globin gene 
mutants indicated (corresponding to those shown in Figures 25 and 
26) were grown for 3 days in the presence (+) or absence (-) of 
the diferentiation inducer HMBA. RNA was prepared by the 
guanidinium chloride method and 1 pg samples of total RNA were 
analysed by SI nuclease mapping using the mouse p-major globin 
gene 3' probe illustrated. The probe was end labelled by reverse

ntranscription to a specific activity of >10 cpm/pgDNA. 
Hybridization was at 52°C; SI nuclease digestion was for 2 
hours at 20°C. Products were electrophoresed on a 7M urea 1% 
acrylamide gel. Control polyA+ RNA was obtained from mouse 
reticulocytes.

Figure 28

SI nuclease analysis of rabbit B-globin transcripts in L cell 
transformants

L cell transformants contained the rabbit p-globin gene mutants 
indicated. 10pg samples of total RNA from individual 
transformants were analysed by SI nuclease mapping using the 
rabbit p-globin gene 3* probe illustrated. The probe was end 
labelled by reverse transcription to a specific activity of 
>107 cpm/pgDNA. Hybridization was at 52°C; SI nuclease 
digestion was for 2 hours at 20°C. Products were 
electrophoresed ot a 7M urea 7% acrylamide gel. Control poly 
A+ RNA was obtained from rabbit bone marrow.
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Figure 29

Expression of SV40 early region transcripts in MEL transformants 
containing RBpBSV

3 MEL transformants containing RfJpBSV were grown for 3 days in the 
presence (+) or absence (-) of 3mM HMBA. RNA was prepared and 10 
pg samples analysed by SI nuclease mapping using the 645 nt Avail 
probe which detects the 5 ’ end of SY40 early gene transcripts.
The probe was end-labelled using polynucleotide kinase. 
Hybridization was at 37°C; SI nuclease digestion was for 2 
hours at 20°C. Control RNA (a gift of D. Kalderon) was from 
CVI cells which had been lytically infected with SV40.
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CHAPTER 7

INDUCTION OF FOREIGN HYBRID GENES CONTAINING- THE HUMAN B-GLOBIN 5 * 

FLANKING REGION IN MEL CELLS

7.1 Introduction

Data presented in Chapter 6 showed that not more than 58 bp DNA 5' to 

the transcription initiation site were required for induction of a 

transfected rabbit p-globin gene in MEL cells. In order to determine 

whether the p-globin gene regulatory sequences resided within its 5' 

flanking DNA, hybrid genes were constructed between the inducible 

human p-globin gene and either the noninducible human y-globin gene 

or the noninducible mouse major histocompatibility H-2K° gene.

The hybrids described in this chapter contained the 5 ' flanking 

region of the human p-globin gene joined at the translation 

initiation site to the complementary region of the y-globin or 

H-2Kb m 1 genes; the converse constructs are described in Chapter 8 .

7.2 Transcription of an introduced mouse major histocompatibility 
bm1H-2K____gene is not inducible in MEL transformants

In order to determine whether a mouse major histocompatibility (MHC)

gene would be suitable for use as the "noninducing" moiety in the

construction of hybrid genes, the plasmid pTME10, which contains the 
brn"110kb H-2K EcoRI fragment cloned in the cosmid vector pTM 

(Rosenthal et al.. 1984, accompanying manuscript; Figure 30) was
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introduced into MEL cells by cotransfection with the HSV tk vector 

pRT. Levels of H-2K transcript were measured in 12 MEL 

transformants by SI nuclease analysis using a 600 nt probe which was
L .

isolated from the H-2K gene and which covered the 3rd exon-3rd
fonTlintron boundary. Because the nucleotide sequences of the H-2K

and H2K genes differ in the 3rd exon (Weiss et al.t 1983),

hybridization of the H-2K probe to H-2K° transcripts

yielded a 140 nt fragment that was protected from digestion by SI

nuclease (Figure 31). None of the 12 MEL transformants analysed

showed inducibility of H-2K transcripts (Figure 31); the 
fonilH-2K gene was therefore suitable for use as the noninducing 

moiety in the construction of hybrid globin genes.

7.3 Construction of 5*3-5 fy and 5 *g—5 tH~2K^>m‘* hybrid genes

In order to determine whether human p-globin gene sequences located

5' to the translation initiation site can confer inducibility upon a

noninducible gene, they were adjoined to the complementary 3’ region
fonilof fcfew both the noninducible human y-globin and H-2K° genes.

The 5 ^ - 3 ^  hybrid gene was constructed at the Ncol site of

both the human p- and y-globin genes; this site lies exactly at the

translation initiation site, which is approximately 40 bp downstream

from the transcription initiation site. The hybrid gene contained

approximately 1.5 kb of the 5 ’ flanking region of the p-globin gene

and 1kb DNA 3* to the y-globin gene (Figure 32).
brillThe 5 fp-3’H-2K construct was made at the Nco1 site of

V\m"1the p-globin gene and at the Nrul site of the H-2K° gene; the
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latter site lies between the transcription initiation site and 

translation initiation site. The hybrid gene contained approximately 

1 . 5  kb of the 5 1 flanking region of the human p-globin gene and 1 kb 

DNA 3* to the H-2Kb m 1 gene (Figure 33).

7.4 Transcription of 5*3-5*7 and 5 t3~5tH-2K hybrid genes in MEL 

transformants

The S'p-S’y hybrid gene clone contained the HSV tk gene and was 

introduced into MEL cells by calcium phosphate transformation and 

selection in HAT medium. 10 transformants were induced to 

differentiate, and transcripts from the introduced hybrid gene were 

quantitated by SI nuclease analysis using a probe which detected the 

3' end of human y-globin mRNA. Five transformants showed a 5-50 fold 

induction of the S'p-S’y hybrid transcript upon differentiation 

(Figure 34).
k n i - j

The S ’p-S'H-SK hybrid gene was similarly introduced 

into MEL cells by cotransfection with the HSV tk vector pRT. 2 out 

of 3 transformants showed a > 1 0  fold inducibility of hybrid gene 

transcript as measured by SI nuclease analysis using the H-2K 

gene exon-intron probe described in section 7.2 (Figure 35).

7.5 Discussion

The 5 ’ flanking DNA of the human p-globin gene conferred inducibility 

in MEL cells upon both the noninducible human y-globin and mouse 

H-2Kbra1 genes (5*3-3^ and 5'p-3'H-2Kbm1). DNA sequences 5'
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to the translation initiation site therefore regulate activation of 

the p-globin gene. Because the level of induction was so variable 

between transformants, it was not possible to determine whether the 

induction of the S ’p-S'y and 5 *p-3 ’H-^K131111 genes was as great as 

that of the intact p-globin gene (Chapter 3), and hence whether all 

the regulatory DNA sequences were contained within this 5 1 region. 

The data presented in this chapter are similar to those shown for 

other systems in which the 5 ' flanking region of an inducible gene 

will confer regulation upon a normally noninducible gene (discussed 

in sections 1.5iv, 6.7, 9.3). The presence of p-globin regulatory 

DNA sequences 3* to the translation initiation site was studied in 

Chapter 8 .



Figure 50

Structure of H2-Kb m 1 gene done. pTMEIQ

The clone was a gift of A. Rosenthal (Rosenthal et
al.. 1982, accompanying manuscript); it contained the 

bm"110 kb H2-K gene EcoRI fragment inserted into an EcoRI site 
of the vector pTM (F. G-rosveld et al., 1982)
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SI nuclease analysis of* transcripts in MEL
transformants containing pTMEIQ

Individual MEL transformants containing pTME10 (Figure 30) were
grown for 3 days in the presence (+) or absence (-) of the
differentiation inducer HMBA. RNA was prepared by the guanidinium
chloride method and 10pg samples of total RNA were analysed by SI
nuclease analysis using the H2-K° gene probe illustrated.

Id bm1Since the nucleotide sequence of the H-2K° and H-2° 
genes differ in the 3rd exon at the position shown,

T_ Vxrnl
hybridization of the H-2K probe to H-2K transcripts 
yields a 140 nt fragment which is protected from SI nuclease 
digestion. The probe was end-labelled by reverse transcription to

7a specific activity of >10 cpm/|jg. Hybridization was at
60°C; SI nuclease digestion was for 1 hour at 20°C
followed by 1 hour at 40°C. Products were electrophoresed on
a 7M urea 7% acrylamide gel. Control RNA was obtained from the 

bniTliver of a H2-K haplotype mouse.

Figure 51
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Construction of the 5 16-5*7 hybrid human globin gene

The 5 ^ - 3 ^  hybrid gene was constructed from globin gene subclones 
y-pRT-A and p-pRT-1 (Figure 5).

The 3.8 kb Ncol fragment containing the 3 ’ region of the human 
y-globin gene was isolated from y-pRT and the 6.0 kb Ncol fragment 
containing the 5' region of the human p-globin gene isolated from 
p-pRT. The p- and y-globin gene Ncol fragments were ligated and 
the ligation mixture transfected into E. coli HB101. 
Minipreparations of DNA from transformants were screened by 
digestion with EcoRI for the desired construct, which contained a 
5 *p-3*y hybrid gene lacking a 240bp Ncol fragment from the 5* end 
of the y-globin gene moieity. This construction intermediate was 
partially digested with Ncol, and the linear form isolated on a 
0.5% low melting agarose gel. The 240 bp Ncol fragment containing 
the 5 * coding region of the human y-globin gene was isolated from 
y-prt and ligated to the Ncol linear fragment. The ligation 
mixture was transfected into E.coli HB101 and minipreparations of 
DNA from transformants were screened by digestion with EcoRI and 
with BamHI+Bgll for the desired construct.

N = Ncol restriction site 
H = Hindlll " "

Bg/B = site of cloning of Bglll fragment into BamHI site (both 
sites destroyed).

Figure 52
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Figure 55

Construction of the 5 *p—5 tH2-K^>m1 hybrid gene 

brn1The S'p-S’H ^ K  hybrid gene was constructed from the human
bm1p-globin gene subclone p-pRT-1 (Figure 5) and the H-2K gene 

subclone pTME10 (Figure 30).

The human p-globin gene clone was digested with Ncol and the 3* 
recessed termini at the Ncol sites were made blunt by treatment 
with reverse transcriptase in the presence of 1mM each of dATP, 
dGTP, dCTP, TTP. The sample was then digested with Pvul and the 
5.0 kb fragment isolated from a 0.5% low melting agarose gel.

b i n " !
The H2-K clone was digested with Nrul (which yields 
blunt-ended molecules) and then with Pvul. The 8.5 kb Nrul-Pvul 
fragment was isolated from a 0.5% low melting agarose gel.

T_ __ «1
The 8.5 kb H2-K and 5.0 kb p-globin fragments were ligated, 
the ligation mixture transfected into E.coli HB101 and 
minipreparations of DNA from the transformants analysed by 
digestion with EcoRI for the desired construct.

P, E, N, Nr represent Pvul, EcoRI, Ncol and Nrul restriction 
sites.

Bg/B represents cloning of Bglll fragment into BamHI site (both 
sites destroyed).

Nr/N represents ligation of blunted Ncol site with Nrul site (both
sites destroyed).
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SI nuclease analysis of 516-5*7 hybrid gene transcripts 
in MEL transformants

Figure 54

Individual MEL transformants containing the S ’p-S'y globin gene 
were grown for 3 days in the presence (+) or absence (-) of the 
differentiation inducer HMBA. RNA was prepared by the guanidinium 
chloride method and 10pg samples of total RNA were analysed by SI 
nuclease mapping using the human y-globin gene 3 ’ probe 
illustrated. The probe was end-labelled by reverse transcription

nto a specific activity of >10' cpm/[ig. Hybridization was 
at 52°C; SI nuclease digestion was for 2 hours at 
20°C. Products were electrophoresed on a 7M urea 1% 
acrylamide gel. Control polyA+ RNA was obtained from a 
patient with p°/8 p° thalassemia.
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Figure 55

SI nuclease analysis of 5 *(3—5 fH—2K^m  ̂ hybrid gene transcripts 
in MEL transformants

Individual MEL transformants containing the 5 *p-3 'H-2K^m  ̂
hybrid gene were analysed as described in Figure 31. Each 
hybridization contained 80|jg total RNA.
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CHAPTER 8

INDUCTION IN MEL CELLS OF FOREIGN HYBRID GENES CONTAINING HUMAN 

p-G-LOBIN GENE SEQUENCES 3' TO THE TRANSLATION INITIATION SITE

8 .1 Introduction

By analysing the expression in MEL cells of hybrid genes containing

the human p-globin gene 5 ’ flanking region it was shown in Chapter 7

that these DNA sequences can confer inducibility upon the
bm1noninducible human y-globin and mouse H-2K° genes. The

possibility that some regulatory DNA sequences also resided within

the p-globin gene itself was investigated here by analysing the

expression of hybrid genes of the converse construction, i.e. ones in

which the 5 1 flanking region of the noninducible human y-globin 
bm"1and mouse H-2K genes were adjoined to the complementary 

structural gene region of the inducible human p-globin gene.

t_ m *i

8 .2 Construction of 5 *y-3 *B and 5 ,H—2K -5*8 hybrid genes

Hybrid genes were constructed as shown in Figures 36 and 37. The 

5 'y-3 'P hybrid gene was constructed at the Ncol site at the 

translation initiation codon of both human p- and y-globin genes.

The hybrid gene contained 200 bp of the 5' flanking region of the 

y-globin gene and 1.5 kb of the 3 ? flanking region of the human 

p-globin gene (Figure 36).

The 5 ’H ^ K ^ 111̂ - 3  »p hybrid gene was constructed at the Ncol
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bni1site of the p-globin gene and the Kpnl site of the H-2KU gene; 

the latter site lies between the transcription initiation and 

translation initiation sites. The hybrid gene contained 

approximately 4 kb DNA from the 5 ’ flanking region of the H-2K^m  ̂

gene and 1.5 kb DNA from the 3 1 flanking region of the p-globin gene 

(Figure 37).

8 . 3 Expression of S'y-S’B and 5 ’H^K*311̂  — 3 »p hybrid genes in MEL 

transformants

bro*lS'y-S'P and 5 ’H-2K -3 fp hybrid genes were introduced into MEL

cells by cotransfection with the cosraid pRT. Upon differentiation, 

four out of eight clones transfected with the 5 *7 -3 ^  gene showed a 

5->100 fold induction of hybrid gene transcript as measured by SI 

nuclease analysis using a probe which detected the 3' end of human 

p-globin mENA (Figure 38). Four out of five clones transfected with
ml

the 5' H-2K —3 *p hybrid gene showed a 5->50 fold induction of

hybrid gene transcript as measured by the same SI nuclease analysis 

(Figure 39).
y ,

The inducibility of both the and 5 ’H-2K -3 fp

hybrid genes suggested that some of the regulatory DNA sequences 

required for p-globin gene activation resided 3* to the translation

initiation site.
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8 .4 Induction of 5 >y~5tB and 5 »p hybrid genes is due to 

transcriptional activation

The induction in MEL cells of introduced hybrid genes containing

human p-globin structural gene sequences (5^-3^ and

5 ’H^K^ 111̂ -3'P) may be due to either an increase in relative

stability of hybrid gene transript or to an increase in rate of

transcription of the genes upon differentiation (see section 3.7).

The relative rate of transcription of these hybrid genes in MEL

transformants was therefore measured as described in section 3.7

using a nuclear transcription runoff assay.

Labelled nuclear transcripts were synthesized in two MEL

transformants which showed a high induction of S'y-S'P and 
foml5 ’H-2K —3 *p hybrid gene transcript as measured by SI nuclease

analysis. Nuclear transcripts from induced and noninduced cells

were hybridized to mouse and human p- globin gene probes which were

immobilized as dots op nitrocellulose filters (Figure 40).
IdidIDifferentiation of the MEL cells containing either 5 'H-2K -3'P

or S'y-S'P hybrid genes resulted in a > 1 0 fold increase in 

hybridization to both the mouse and human globin probes, 

indicating an increase in the rate of transcription of both the 

endogenous mouse globin and introduced hybrid globin genes. Thus, 

the increase in level of hybrid S'y-S’P and 5 ’H-2KD —3 * p gene 

transcripts following MEL differentiation resulted at least in part 

from an increase in the rate of transcription of these genes.
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8 .5 Discussion

The presence of regulatory DNA sequences within the 5 1 flanking

region of the human p-globin gene has been previously shown by

analysing the expression in MEL cells of S'p-S’y and 
bin-!b ’p-S'H^K hybrid genes. Surprisingly, hybrid genes 

containing human p-globin gene sequences 3 * to the translation
Vim-!initiation site (5 'H-2K — 3 fp and 5 *7 -3 ^) were also inducible

in MEL cells, with the induction resulting at least in part from an 

increase in the rate of transcription of these genes upon MEL 

differentiation. DNA sequences which regulate p-globin gene 

activation during erythroid differentiation therefore reside both 5* 

and 3' to the translation initiation codon. The inducibility of both 

the 5 ’p-3'H-2K^m  ̂ and 5 'H-2K^m^-3 fp hybrid genes further 

indicates that these regulatory elements may act independently. 

Because the level of induction of hybrid gene transcripts was 

variable between transformants, the quantitative contribution of each 

regulatory region cannot be assessed. The significance of these data 

is discussed further in the following chapter (section 9 .3 ).
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Construction of the 5 ̂ -5*6 hybrid human globin gene

The S'y-S’P hybrid gene was constructed from globin gene subclones 
y-pRT-A and p-pRT-2 (Figure 5).

The 190 bp Ncol fragment containing the human y-globin gene 5 ’ 
flanking region was isolated from y-pRT and the 6.7 kb Ncol 
fragment containing the 3 * region of the human p-globin gene 
isolated from p-pRT. The p- and y-globin gene Ncol fragments were 
ligated and the ligation mixture transfected into E.coli HB101. 
Minipreparations of DNA from transformants were screened by 
digestion with Ncol, EcoRI, and Ball+BamHI for the desired 
construct.

N = Ncol restriction site 
H = Hindlll " "

Bg/B = site of cloning of Bglll fragment into BamHI site (both 
sites destroyed).

Figure 56
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Construction of the 5 'H2-Kb m 1 _g »B-globin hybrid gene 

brn1The 5 ’H-2K -3’P hybrid gene was constructed from the human
p-globin gene clone HppBSV, which contained the human p-globin 
gene 4.7 kb Bglll fragment inserted into the BamHI site of the

*i_ m*1
vector pBSV, and from the H2-K clone illustrated. The
latter clone contained the 8 kb Hindlll-EcoRI fragment of the 

bni1H2-K gene inserted into a BFV vector and was a gift of A. 
Rosenthal.

The human p-globin gene clone was digested with Ncol and 
the 3 ' recessed termini at the Ncol sites were made blunt by 
treatment with reverse transcriptase in the presence of 1mM of 
each of dATP, dGTP, dCTP, TTP. The sample was then digested with 
Hindlll and the 7.5 kb Ncol-Hindlll fragment isolated from a 0.5% 
low melting agarose gel.

b in * !
The H2-K clone was digested with Kpnl and the 3 * 

protruding termini at the Kpnl sites removed by treatment with 
Klenow polymerase in the presence of 500|jM dGTP at 20°C for 2 
hours. The sample was then digested with Hindlll and the 2 kb 
Hindlll-Kpnl fragment isolated from a 0.7% low melting agarose 
gel.

The 2 kb Hindlll-Kpnl H2-K and the 7.5 kb 
Hindlll-Ncol p-globin fragments were ligated, the ligation mixture 
transfected into E.coli HB101, and minipreparations of DNA from 
the transformants analysed by digestion with EcoRI and with 
NruI+BamHI for the desired construct.

N, K, Hd, E represent Ncol, Kpnl, Hindlll and EcoRI restriction 
sites.
K/N represents ligation of blunted Kpnl and Ncol sites (both sites 
destroyed).
Bg/B represents cloning of Bglll fragment into BamHI site (both 
sites destroyed).

Figure 57
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SI nuclease analysis of 5'v~3*8 hybrid gene transcripts in 
MEL transformants

Figure 38

Individual MEL transformants containing the 5*7-3^ hybrid human 
globin gene were grown for 3 days in the presence (+) or absence 
(-) of the differentiation inducer HMBA. RNA was prepared by the 
guanidinium chloride method and 10|jg samples were analysed by SI 
nuclease mapping using the human p-globin gene 3* probe 
illustrated. The probe was end-labelled by reverse transcription 
to a specific activity of >107 Cpm/|ig. Hybridization was 
at 52°C; SI nuclease digestion was for 2 hours at 20°C.
Products were electrophoresed on a 7M urea 7% acrylamide gel. 
Control polyA+ RNA was obtained from a patient with sickle 
cell anaemia.



'tf’globin
input probe _________________ 700 nt
SI protected--------  212 nt
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Figure 59

SI nuclease analysis of 5 *11-2-5 *B transcripts in MEL 
transformants

Individual MEL transformants containing the 5 - 3 »p 
hybrid gene were grown for 3 days in the presence (+) or absence 
(-) of 3mM HMBA. RNA was prepared and analysed using the 3 ’human 
p-globin gene probe illustrated and the procedure described in 
Figure 38. Each hybridization contained 10pg total RNA.
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Dot hybridization of labelled nuclear transcripts from MEL 
transformants containing 5 ,y~5 ,P and 5 *p hybrid
genes

2 MEL transformants containing 5 *7 -3 ^  and 5 ,H2-3,P hybrid genes 
were grown for 3 days in the presence (+) or absence (-) of 3mM 
HMBA and nuclei isolated. Labelled nuclear transcripts were 
synthesized and hybridized to human p-globin (H) and mouse p-major 
(M) globin probes which were immobilized as dots on nitrocellulose 
filters. The human p-globin probe was the BamHI-EcoRI IYS2 
fragment; the mouse p-globin probe was the Hdlll-PstI IYS2 
fragment. Nuclear transcripts from the 5' H-2K° — 3 *p
transformant were also hybridized to a 1. 8 kb BamHI fragment 
isolated from the human insulin gene probe (I) as a control for 
background hybridization (Bell et al., 1982).

Figure 40
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CHAPTER 9

DISCUSSION

9.1 Regulated expression of foreign B-globin genes in MEL cells

Foreign human and rabbit p-globin genes were both inducible during 

chemically triggered differentiation in MEL cells. The indueibility 

of the foreign p-globin gene was an inherent property conferred by 

its DNA sequence and retained after its probable integration into a 

variety of chromosomal locations and irj^pite of an acquired DNA 

methylation and chromatin configuration which was different from that 

of the endogenous mouse p-globin gene. Several lines of evidence 

suggest that DNA introduced into eukaryotic cells acquires an 

active chromatin configuration. For example, both the rat a2 

globulin and human growth hormone genes are transcriptionally active 

and inducible by glucocorticoids when transferred into mouse L cells 

in which the endogenous counterpart genes remain inactive (Robins et 

al.. 1982; Kurtz, 1981). Similarly, cloned human p-globin genes 

introduced into HeLa cells in a transient expression assay may be 

transcriptionally activated in trans by viral immediate-early gene 

products, whereas the endogenous globin genes in the same cells 

remain inactive (Green et al.. 1983; Imperiale et al.. 1983). In 

these cases, the transcriptional inactivity of the endogenous genes 

probably reflects their inactive chromatin configuration, since the 

expression of the exogenous gene indicates that all the factors 

necessary for their transcription per se are present. The "active”
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chromatin configuration acquired by the foreign DNA is possibly 

influenced by the selection for expression of the HSV tk gene on the 

vector. Other evidence suggests that an active chromatin 

configuration is necessary for p-globin gene activation in vivo. For 

example, the transcriptional inactivity of a p-globin gene in a 

patient with yp-thalassemia is probably due to a chromosomal 

translocation which places the p-globin gene adjacent to a region of 

chromatin which is normally in an "inactive” configuration. The 

p-globin gene on the translocation chromosome acquires a similar 

inactive chromatin configuration and becomes transcriptionally 

inactive (Kioussis et al.. 1983), whereas the p-globin gene on the 

allelic chromosome in the same cell remains in an ’’active” chromatin 

configuration and is transcribed. However, the fact that foreign 

genes introduced into eukaryotic cells are often not expressed at a 

"maximal” level until induced by differentiation of the cells, 

application of hormones or heat shock etc. implies that an "active” 

chromatin configuration is not by itself sufficient to ensure a high 

rate of gene transcription. For example, the activation of the 

endogenous mouse p-major globin gene in MEL cells is associated with 

the appearance of new DNasel hypersensitive sites in its 5'flanking 

DNA; cloned mouse globin genes introduced into MEL cells have been 

shown to possess the 5' hypersensitive site both before and after 

chemical induction, even though they are expressed at a high level 

only after differentiation (Charnay et al.. 1984). Other evidence 

suggesting that chromatin configuration alone does not determine the 

level of expression of the globin gene in erythroid cells in vivo

derives from studies in which the fetal and embryonic globin genes in
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adult erythroid cells were activated by treatment of the cells with

agents that induce DMA demethylation (e.g. 5azacytidine) or ones that

induce chromatin conformation changes (e.g. sodium butyrate; Ginder

et al.. 1984). The levels of expression of the activated embryonic

genes in the adult cell are, however, 50 fold lower than the level of

expression of the embryonic gene in an embryonic erythroid cell or

adult gene in an adult cell. These low levels of expression of the

activated embryonic gene in the adult environment are in agreement

with the low constitutive level of expression of the noninducible 
bmly-globin and H-2K genes, which are probably expressed in MEL

transformants, albeit at a low level, due to their acquisition of an

active chromatin configuration. These foreign y-globin and 
fonilH-2K genes are not however inducible because they do not 

respond to the specific adult-type erythroid factors which mediate 

induction of the adult globin genes.

The high level of transcription of the p-globin gene in 

induced MEL cells may be mediated by the appearance of specific 

"activator" factors in the differentiated cell and/or the removal of 

repressors which are present in the nondifferentiated cell. Charnay 

et al. (1984) have suggested that a specific repression of globin 

gene transcription in the nondifferentiated MEL cell may indeed occur. 

It was found that a cloned human a-globin gene was expressed at a high 

level in nondifferentiated MEL cell transformants and was not further 

inducible upon differentiation of the cells with HMBA; the expression 

level of the foreign a-globin gene was about 1 0 0  times greater than 

that of a foreign human p-globin gene in the same (noninduced) cells. 

In contrast, when the human a-globin gene was introduced into MEL
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cells on an intact chromosome, it was expressed at a low level before 

differentiation and was inducible on subsequent treatment of the cells 

with HMBA, suggesting that the incorrect regulation of the foreign 

cloned human a-globin gene was due to a lack of its repression in the 

nondifferentiated MEL cell. The fact that the human abut not p-globin 

gene is expressed in an enhancer independent manner when introduced 

into HeLa or COS cell transient expression assays (Mellon et al..

1981; Humphries et al. 1982; Treisman et al.. 1983b; section 1.5iii) 

may further indicate that expression of the human aand p-globin gene 

families is regulated by fundamentally different mechanisms.

9.2 Individual human p—like globin genes are independently expressed in 

MEL cells

The human p-globin gene was inducible in MEL cells when introduced 

either as a short DNA fragment or as cosmids containing 40 kb 

segments of the p-globin gene cluster; the human y-globin gene was 

noninducible when introduced either as a gene fragment or as part of 

the intact gene cluster. The adult and fetal genes were therefore 

regulated independently and differently, and the induction was 

specific for the adult type globin gene in the case of both 

endogenous mouse and foreign human globin genes; this presumably 

reflected the fact that the MEL cells were derived from an adult 

mouse and either lacked the appropriate factors required for fetal 

and embryonic gene activation or possessed factors responsible for 

their repression.

Studies of deletion thalassemia and HPFH patients had
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previously suggested that DNA sequences residing 3* to the p-globin 

gene and in the y-8 intergenic region were involved in repressing 

y-globin gene expression in an adult erythroid environment (section 

1.4viii); however,the presence or absence of these regions had no 

effect on y-globin gene expression in MEL cells. This may imply that 

the structural organization of the globin gene cluster is not 

relevant to the activation and inactivation of the individual fetal 

and adult genes during development. More information on the 

mechanism of y-globin gene repression in an adult erythroid 

environment will come from studying the expression in MEL cells of 

mutated y-globin genes and cloned y-globin genes from HPFH patients, 

(in the latter disease, expression of the fetal globin genes is not 

repressed in the adult erythroid environment in vivo, section 

1.4viii). Since the level of y-globin gene expression in vivo in an 

adult erythroid cell is probably not solely determined by its DNA 

modification pattern and chromatin structure (see above) the adult 

and fetal globin genes may differ in the DNA sequences which regulate 

their developmental stage specific activation; such differences could 

exist in the sequences which bind a putative activator of adult 

globin gene expression in the differentiated adult erythroid cell.

It is also possible that the y-globin gene has specific DNA sequences 

responsible for binding factors which repress its expression in the

environment of the differentiating adult erythroid cell.
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9.3 DNA sequences which regulate B-globin gene activation

The inducibility in MEL cells of both 5 ’ p-3 and
\_m*1

5 *H-2K -3fp hybrid globin genes suggested that the DNA 

sequences which regulate p-globin gene activation reside both 5’ and 

3* to the translation initiation site and that these regulatory 

elements may act independently.

Most of the characterized sequence elements which regulate the 

transcription of a gene are located in its 5* flanking region. Thus, 

the promoter region of all eukaryotic genes transcribed by RNApolII 

resides within the 100 bp DNA immediately 5* to the transcription 

initiation site. In addition, DNA seqences within the 5' flanking 

DNA of a gene play a role in regulating gene activation in addition 

to being required for transcription per se (see section 1.5iv) Thus, 

the region 47-66 bp upstream of the cap site of the Drosophila heat 

shock protein genes mediates their induction by high temperature 

(Pelham and Bienz, 1982). Similarly, DNA sequences residing within 

117 bp of the transcription initiation site of the interferon gene 

regulate its induction by virus or poly I poly C (Ragg and Weissman, 

1983; Weidle and Weissman, 1983). In other cases, regulatory 

sequences have been located in the 5* flanking region of the gene, 

although their presence elsewhere in the gene has not been rigorously 

investigated. For example, by analysing the expression of hybrid 

genes containing the 5' flanking region of a glucocorticoid responsive 

gene ligated to the complementary region of a nonresponsive gene, it 

was shown that the 5’ flanking DNA of the growth hormone, MMTV, and 

metallothionen genes contained the glucocorticoid responsive element
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(Robins et al.. 1982; Huang et al., 1981; Karin et al.. 1984a,b).

This was further substantiated by the demonstration of binding of the

glucocorticoid hormone—receptor complex to this 5* region of the MMTV

LTR region (Payvar et al.. 1983) and metallothionen gene (Karin et

al., 1984a). However, the finding of glucocorticoid binding

downstream from the transcription initiation site in the MMTV LTR

region (Payvar et al.. 1983) and of a sequence of exact homology to

the gluocorticoid receptor binding site within the first intron of the

growth hormone gene raises the possibility that regulatory elements

are also located downstream from the transcription initiation site.

Prom analysis of the rabbit p-globin deletion mutants (Chapter 6) and

hybrid genes (Chapter 7) it was not possible to precisely localize the

5' regulatory region of the p-globin gene, since all the rabbit

p-globin gene deletion mutants contained the p-globin structural

sequences which themselves possessed inducing elements (Chapter 8).

The localization of this 5* regulatory region is at present being
bm"1determined by the construction of S’p-S’H-RK hybrid genes in

which the 5 ’-p region is mutated.

The 5 1 regulatory sequences of the p-globin gene might

mediate its induction either via the binding of activator molecules

in the differentiated cell, as, for example, the binding of

glucocorticoid receptor activates hormone responsive genes, or by the

binding of repressor molecules in the nondifferentiated cell, with

these repressors being released upon differentiation. The fact that

constructs containing the 5* flanking region of the human p-globin
"bm"1gene (PpRT, S’p-S’H ^ K  ) showed a lower level of expression in 

the noninduced MEL cell than did constructs containing a 5’
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H-2Kbm1 region (H-2Kbm1 , 5*H2-3’p) may indicate that a

repression of the p-globin gene in the nondifferentiated MEL cell as

mediated by its 5' flanking region does indeed occur; the major
bni*1histocompatibility H-2K gene, which is physiologically 

expressed at a low level both before and after differentiation, does 

not show such repression. Differentiation of the MEL cells might 

result in loss of repression on this 5’P region and hence induction 

of the p-globin gene.

It was surprising to find that DNA sequences 3' to the 

translation initiation site of the human p-globin gene contain a 

regulatory element. The fact that constructs containing this 3'
'K m 'lP region (5'H-2KD —3 * p and p-pRT) are expressed at a 

higher level after MEL differentiation than are ones which 

contain a 3» H-2Kbm1 region (5 *p-3’H-2Kbm1 and pTME10) 

may suggest that the p-globin gene 3* regulatory element acts by 

binding activators of globin gene expression in the differentiated 

cell. There are several well defined systems in which gene 

transcription is influenced by DNA sequences residing 3' to the 

transcription initiation site. The Xenopus 5S RNA genes contain an 

internal promoter region which lies 50-80 bp downstream from the 

transcription initiation site, which is required for transcription 

initiation, and which binds the factor TFIIIA that is essential for 

5S gene transcription (Bogenhagen et_al,. 1980; Sakonju et_al., 1980; 

Engelke et al.. 1980). DNA sequences located downstream from the cap 

site may also regulate the transcription of genes transcribed by 

polll; thus viral enhancer elements activate transcription of

heterologous genes in a transient epression assay when located at
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varying distances either 5' or 3* to the gene (Banerji et al.. 1981; 

section 1.5iii). The finding of a tissue specific enhancer element 

downstream from the transcription initiation site of the 

immunoglobulin genes suggests that such elements may play a 

physiological role in the regulation of eukaryotic gene expression. 

The immunoglobulin enhancer is located in an intron upstream from the 

constant region gene and probably serves to activate the variable 

region promoter of the functionally rearranged Ig gene in the 

lymphocyte. The enhancer will activate the expression of 

heterologous genes, e.g. p-globin, when ligated to them and 

introduced into T cells in both a transient expression assay and in 

stable clones; the enhancer does not function in other cell types. 

(Gillies et al.. 1983; Queen and Baltimore, 1983; Banerji et al.. 

1983). The 3' regulatory region of the p-globin gene may similarly 

contain a tissue specific enhancer element which is active in 

differentiated but not in nondifferentiated MEL cells and which 

serves to specifically activate the globin gene. Recent evidence 

suggests that enhancer elements interact with specific cellular 

factors, with the tissue and host specificity of the enhancer being 

mediated by its ability to bind only the factors present in a 

specific cell type (Scholer and Gruss, 1984). Thus, both the 

immunoglobulin and putative globin enhancers could mediate tissue 

specific gene activation by their ability to bind only l y m p h o c y t e  or 

erythroid factors. The precise location of the human p-globin 

3’-regulatory element is at present being determined by studying the

expression in MEL cells of gene hybrids comprising the mouse 
bmlH-2K gene into which short fragments (400 bp) derived from
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different regions of the human p-globin gene have been inserted. If 

the regulatory element is precisely localized it will then be 

possible to ligate in various positions and orientations to a 

heterologous gene and determine whether it functions as a true 

erythroid cell specific enhancer. A final understanding of the 

mechanisms by which these regulatory elements of the p-globin gene 

mediate its transcriptional activation will require the 

identification of the erythroid specific cellular factors with which 

they interact.
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Chemically induced differentiation of cultured murine eryth
roleukaemia (MEL) cells results in a several hundred-fold 
increase in transcription of the adult mouse globin genes1-3 and 
thus serves as a model for gene activation during erythropoiesis. 
One approach to study gene regulation in this system has been 
to analyse the expression of foreign globin genes introduced 
into MEL cells4-8. By introducing cosmid DNA containing the 
human adult(/3), fetal(y) and embryonic(e)-globin genes, we 
have shown here that expression of the fi , but not the y o r e  
genes, is regulated during MEL differentiation. Regulated 
expression of the human /3-globin gene was observed when it 
was introduced either as part of the intact globin gene cluster 
or as an individual gene with 1.5 kilobases (kb) of 5' flanking 
DNA. Transcription from a herpes simplex virus (HSV) 
promoter adjacent to the thymidine kinase ( t k )  gene is also 
inducible in MEL cells.

C osm ids containing regions of the hum an /3-globin gene 
cluster (see Fig. 1) w ere in troduced  in to  thym idine k inase
negative ( tk - ) M E L  cells6 by calcium phosphate  tran sfo rm a
tio n 9. B efo re  transform ation , D N A  was linearized w ithin the  
vecto r sequences by cleavage w ith Pvul. S table tk + tran sfo r
m an ts w ere ob ta ined  at a frequency of 1 - 1 0  clones p e r 106 cells 
p e r p,g D N A . T ransform ants w ere shown by S ou thern  b lo t 
analysis10 to  contain  1 -15  copies of n o n -rearranged  in troduced  
D N A  p e r cell (da ta  no t show n); 10-15  transfo rm an ts contain ing 
each cosm id w ere induced in to  ery thro id  d ifferentiation  by cu l
tu ring  fo r 3 days in the  presence of 3 m M  hexam ethylene 
b isacetam ide (H M B A ). Levels of hum an and m ouse globin 
transcrip ts w ere q u an tita ted  by Si nuclease analysis11,12 using 
p robes w hich m apped  th e  5 ' and 3 ' ends of the  m R N A s.

E ndogenous m ouse /3-major globin m R N A  levels in tran sfo r
m ants as m easured  by Si nuclease analysis of th e  3 ' end of the

* To whom correspondence should be addressed.t Present address: Biogen Research Corporation, 14 Cambridge Center, Cambridge, 
Massachusetts 02142, USA.

m R N A  are shown in T able  1 and Fig. 2 a ; 52 of 54 clones tested  
show ed a >  100-fold increase in m ouse /3-globin m R N A  levels 
on differentiation, corresponding  to  > 1 0 ,0 0 0  copies of m R N A  
per induced cell. Six of th e  transform ants which show ed induc
tion had a high level of m ouse /3-major globin m R N A  before 
H M B A  trea tm en t (> 1 ,0 0 0  copies per cell).

O f 40 M EL transform ants th a t contained a foreign hum an 
/3-globin gene, 30 show ed a 4 -100-fo ld  increase in the  level of 
hum an /3-globin m R N A  on differentiation as m easured by S: 
nuclease analysis of the 3 ' end of the m R N A  (Fig. 2b, c; Table 
1). O f the 10 transform ants tha t show ed no induction, tw o w ere 
non-inducible for endogenous m ouse /3-globin m R N A  (one 
C o sH G 6N and one /3-pRT) and four showed a high level of 
m ouse globin m R N A  befo re  addition of the inducing agent (two 
C o sH G 6N and tw o C osH G 28T K ). C orrect initiation of the 
hum an globin transcrip ts was shown by Sj nuclease m apping of 
th e  5 ' end (Fig. 2d). Induced hum an /3-globin m R N A  levels 
corresponded to  120-2 ,500  copies per cell, and induction levels 
did n o t correlate  with th e  copy num ber of hum an /3-globin genes 
p resen t in the transform ant.

O f 19 transform ants containing the  com plete hum an y-globin 
genes (C osH G 25 and C osH G 28T K ), 17 showed the  sam e o r a 
sm aller am ount of y-globin m R N A  after d ifferentiation (—50 
copies per cell; Fig. 2e, T able 1). Two transform ants show ed a 
less than  sixfold inducibility of y-globin m R N A . Similarly, trans
form ants which contained  the  com plete e-globin gene 
(C osH G 25) show ed the  sam e o r reduced levels of e-globin 
m R N A  after d ifferentiation  (data  not shown).

C osH G 29T K  and C osH G A 17 contain  the 3' ends of the A y- 
and e-globin genes ad jo ined  to  vector sequences as shown in 
Figs 1 and 3. Surprisingly, transform ants containing these cos
mids showed a 10 -30-fo ld  inducibility of R N A s which w ere 
detec ted  by Si nuclease analysis using probes which hybridized 
to  th e  3' ends of A y- and e-globin m RN A s. N orthern  b lot 
analysis13 show ed th a t th e  inducible R N A  was 700 base pairs 
(bp) long and th a t it hybridized with both  vector and globin 
D N A  probes (not show n). If we assum e the  only R N A  splicing 
in this vector-g lobin  hybrid  m R N A  to  be rem oval of the  globin 
large intervening sequence, the observed R N A  length places 
the  transcrip tion  in itia tion  site close to tha t of th e  H SV  tk  
g en e14, but on the  opposite  D N A  strand. This was confirm ed 
by S j nuclease m apping using a 510-bp  X m aI-J3g/II p robe  which 
covers the predicted  5 ' end and gives a 2 8 0 -3 0 0 -b p  pro tected  
band. The 5' end of this ‘a n ti- tk ’ (a -tk ) transcrip t thus m aps 
— 160 bp away from  th e  tk  gene cap site (see Fig. 3). A  transcrip t 
initiating a t this site has been previously repo rted  from  in vitro

\  4J3

C OS HG 25

C O S HG 28TK

COS HG 29 T K

Fig. 1 Structure of human 
globin gene cosmids introduced 
into MEL cells. Regions of the 
human globin cluster as indicated 
were cloned in cosmid vectors 
containing the HSV tk gene17’18 
(vector sequences not shown).
CosHG25 and CosHG6N were 
isolated directly from a tk vector 
library. CosHG28TK and 
CosHG29TK were constructed 
from previously isolated cosmids,
CosHG28 and CosHG29 (ref.
18) by the exchange of vector 
sequences containing the tk gene.
CosHGA17 was constructed by 
packaging and transduction of a 
ligation mixture containing a 
C lal-Bam H I fragment from cos
mid pRT, a B am H I-X m al frag
ment containing the 3' side of the e-gene, and X m al-P vu l fragment containing the Gy-, Ay-, S- and /3-globin genes and part of the cosmid 
vector pJB8 (ref. 19). Ligation yielded a DNA concatemer which deleted during the in vitro packaging to give deletion cosmids including 
CosHGA17. /3-pRT is a subclone of the 4.7-kb /3-globin Bgal fragment inserted in the Bam H l site of vector pRT; the tk and /3-globin genes 
in this construction are transcribed in the same direction. Cosmid DNA was prepared by the method of Birnboim and Doly20 followed by 
purification on CsCl gradients. Puul-linearized cosmid DNA was introduced into tk-  MEL cells6 by calcium phosphate transformation8 and 
selection in hypoxanthine-aminopterin-thymidine medium.

COS HQ 6N

COS HQ A 1 7

VT-T1 / 1 / LJ 1 I J.J_ D e le te d  se q u e n c e s P PRT
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Table 1 Induction of human and mouse globin mRNAs in cosmid-containing MEL transformants

Mouse /3-major globin mRNA Human y-globin mRNA Human /3-globin mRNA
No. with No. No.

Cosmid No. of No. high No. of No. showing No. of No. showing
clones showing non-induced clones showing no clones showing no
tested induction levels tested induction induction tested induction induction

CosHG25 9 9 2 9 0 9 — — —

CosHGA17 8 8 0 — — — 8 6 2
CosHG28TK 10 10 2 10 2 8 10 7 3
CosHG29TK 9 9 0 9* 6* 3* 4 4 0
CosHG6 N 8 7 2 — — — 8 5 3
/3-pRT 10 9 0 — — — 10 8 2
Total 54 52 6 19 2 17 40 30 10

* Transcription of the y-globin gene in MEL clones containing CosHG29TK initiates at a vector promoter (see text) and is not included in the 
totals column.

8 7 >

______Sau3A

input probe ______  390ntiP̂maj
SI protected _______240nf^maj

Fig. 2 a, S, nuclease analysis of mouse /3-major 
globin mRNA in MEL transformants. Control 
RNA was obtained from mouse reticulocytes, b, 
MEL transformants containing the cosmids indi
cated and corresponding to those in a were ana
lysed using the 3' human /3-globin gene probe 
illustrated and the procedure described for a 
below; 10 p-g of total RNA were used in each 
hybridization. Control mRNA was obtained from 
a patient with sickle cell anaemia, c, MEL trans
formants containing cosmid /3-pRT were ana
lysed as described for b. d, Sx nuclease analysis 
of the 5' end of human /3-globin transcripts in 
MEL transformants, e, Sj nuclease analysis of 
y-globin transcripts in MEL transformants. Con
trol mRNA was obtained from a /30/5/3° 
thalassaemic patient21.
Methods: a , MEL transformants containing the 
cosmids indicated were grown for 3 days in the 
presence (+) or absence (-)  of 3mM HMBA. 
RNA was prepared by the LiCl-urea method22. 
The mouse /3-major globin gene probe illustrated 
(IP/3maj) was end-labelled by reverse transcrip
tion and hybridized to 1 pg total RNA at 52 °C 
for 12-16 h in 10 pi of 80% formamide, 40 mM 
PIPES pH 6.4, 1 mM EDTA, 400 mM NaCl. The
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mixture was digested with 3,000 units of Sj nuclease (Boehringer) in 300 pi of 300 mM NaAc pH 4.8, 200 mM NaCl, 2 mM ZnS04 for 2 h 
at 20 °C. S, -protected DNA was ethanol-precipitated and electrophoresed on a 7 M urea, 7% acrylamide gel. d, MEL transformants containing 
cosmid /3-pRT and corresponding to those used in c were analysed. The procedure was as for a except that the 5' human /3-globin probe was 
end-labelled by kinase, strand-separated, and hybridized to 120 pg total RNA in a 50 pi hybridization volume, e, RNA from MEL transformahts 
containing the cosmids indicated was analysed using the y-globin gene probe illustrated and the procedure described for a. 10 pg of total 
RNA were used in each hybridization.
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F ig . 3 S! nuclease analysis of 
anti- tk transcripts in MEL trans
formants. MEL transformants con
taining cosHG29TK, cosHG6N 
and cosHGA17 were grown for 3 
days in the presence (+) or absence 
( -)  of 3 mM HMBA. CosHG29TK 
and cosHG A17 contain the 3' ends 
of the Ay- and e-globin genes 
adjoined to vector sequences near 
the HSV tk gene as shown. The 5' 
ends of a-tk transcripts initiating 
near the tk gene were mapped with 
a 510 bp XmaI-.Bg/II probe 
(IPaTK) using the procedure 
described for Fig. 2a. This probe 
covers the expected 5' end of the 
a-tk transcript and gives an S! 
nuclease-protected fragment of 
280-300 nucleotides (aTK). RNA 
from cosHG29TK and cosHGA17 
transformants was simultaneously 
hybridized to 3' y-globin and 3' 
e-globin gene probes, respectively.

HSV-TK transcrip tion
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transcription of HSV DNA fragments15. ATA and CAAT box 
sequences required for transcription initiation are located at the 
appropriate distances 5' to the a-tk transcript. When this pro
moter is not linked to known coding sequences (in CosHG25, 
CosHG28TK and CosHG6N), no transcripts originate from it 
(Fig. 3, centre panel), suggesting that either an RNA splice or 
transcription terminator are required to yield a stable transcript.

We have shown independent regulation in the expression of 
individual human e-, y- and /3-globin genes when introduced 
into MEL cells as a gene cluster, in accordance with previous 
work by Willing et al.4 and Pyati et al.5 who used human 
chromosome 11-MEL cell hybrids. Expression of human adult, 
but not fetal or embryonic globin genes, is regulated during 
MEL cell differentiation. This, therefore, mimics the specific 
activation of adult-type globin genes during erythropoiesis in 
man. Regulated expression of the human /3-globin gene is 
independent of the presence of the rest of the globin gene cluster 
and is observed when it is introduced with only E5 kb of 5' 
flanking DNA (jSpRT; Fig. 2c). We have not directly excluded 
the possibility that the increased globin mRNA levels found 
after MEL cell differentiation are due to changes in mRNA 
stability as opposed to changes in transcription rate, although 
strong arguments suggest that this is not the case. First, the 
human e- and y-globin mRNAs are constitutively produced in 
MEL cells and in some exceptional clones even /3-globin mRNA 
is constitutive. This suggests that e- and y-globin mRNAs are 
stable in uninduced MEL cells and therefore makes it unlikely 
that /3-globin mRNA is unstable. Note that y- and /3-globin 
mRNAs stably coexist in human erythroid cells, for example, 
in heterozygotes for hereditary persistence of fetal haemo
globin16. Moreover, the 3' regions of the same e- and y-globin 
mRNAs become inducible when linked to the HSV promoter, 
which suggests that the induction is not related to the stability 
of the mRNA.

The level of induction of the introduced gene is about one 
order of magnitude lower than that observed for the endogenous 
mouse (3-major globin gene. This lower level probably cannot 
be explained by the fact that the human f3-globin gene and 
mouse MEL cells represent a heterologous system; Chao et a l.H 
have recently shown that the transcription of a mouse-human 
hybrid gene is also inducible in this system. As the level of 
hybrid mouse-human mRNA derived from the mouse promoter 
is about the same as that derived from the human promoter 
(present results and ref. 8) a heterologous effect is unlikely. It 
is, therefore, probable that the lower level of induction of the 
foreign compared with the endogenous globin genes reflects 
differences in chromosomal location and chromatin structure of 
the introduced gene. Such differences would also explain the 
variable level of induction of the human /3-globin gene between 
different transformants.

We were surprised to find an inducible transcript which initi
ated in the 5' flanking region of the HSV tk  gene. If this viral 
promoter is used naturally in the herpes life cycle, it is possible 
that it responds to a viral or cellular trans-acting factor similar 
to that present in induced, but not in uninduced MEL cells.
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Summary

We introduced into MEL cells rabbit /3-globin gene 
deletion mutants and two sets of hybrid genes con
structed from the inducible human /3-globin gene 
and noninducible human 7 -globin gene or the murine 
H-2Kbm1 class I MHC gene. S1 nuclease analysis of 
gene transcripts before and after MEL differentiation 
showed that induction of the rabbit 0-globin gene 
did not require more than 58 bp of DNA 5' to the 
transcription initiation site. Hybrid genes were con
structed with human /3-globin DNA sequences from 
either 5' or 3 ' of the translation initiation site linked 
to the complementary parts of the 7 or H2Kbm1 genes. 
Both types of constructs were inducible during MEL 
differentiation. The relative rates of transcription of 
the 5 '7-3 '£ and 5'H2-3'/3 hybrid genes show that 
induction of the hybrid gene transcripts results at 
least in part from transcriptional activation of the 
genes. We suggest that DNA sequences that regu
late 0-globin gene transcription during MEL differ
entiation are located both 5 ' and 3' to the translation 
initiation site.

Introduction

Murine erythroleukemia (MEL) cells are Friend virus trans
formed erythroid cells that are arrested at the proerythro
blast stage of differentiation (for review, see Marks and 
Rifkind, 1978). Cultured MEL cells may be induced to 
complete erythroid maturation by treatment with a variety 
of chemicals such as dimethylsulphoxide (DMSO) or hex- 
amethylenebisacetamide (HMBA) (Friend et al., 1971; Reu
ben et al., 1976; Marks and Rifkind, 1978). This chemically 
triggered maturation closely resembles normal erythroid 
differentiation and results in an accumulation of mouse 
adult globin mRNA in the differentiated cell (Ross et al., 
1972; Nudel et al., 1977; Orkin and Swerdlow, 1977). The 
accumulation of globin transcripts results from both tran
scriptional activation of the mouse globin genes and an 
increase in the relative stability of globin mRNA. One 
approach in studying the DNA sequences that regulate 
globin gene activation during erythroid differentiation is to

analyze the expression of cloned globin genes introduced 
into MEL cells (Spandidos and Paul, 1982; Wright et al., 
1983; Chao et al., 1983).

We have previously introduced genes from the human 
/3-like globin gene cluster containing the embryonic (c), 
fetal (7 ), and adult (/3) genes into MEL cells (Wright et al., 
1983). Transcription of the foreign adult /3-globin gene was 
induced following MEL differentiation, whereas expression 
of the fetal (7 ) and embryonic (e) genes was not regulated. 
This specific induction of the human adult /3-globin gene 
therefore mimicked globin gene activation during adult 
type erythropoiesis and showed that the information re
quired for regulation of the human /3-globin gene resided 
within the introduced DNA sequences.

In the experiments described here, we have localized 
the DNA sequences that regulate the activation of an 
introduced /3-globin gene in MEL cells. The results suggest 
that the DNA sequences required for regulation of /3-globin 
gene expression during erythroid differentiation are located 
both 5' and 3 ' to the translation initiation codon.

Results

Regulated Expression of Rabbit /3-Globin Gene 
Deletion Mutants in MEL Cells
In order to determine whether specific DNA sequences 
within the 5' flanking region of the /3-globin gene regulate 
their activation during erythroid differentiation, rabbit /3- 
globin gene deletion mutants as shown in Figure 1 were 
introduced into MEL cells. We analyzed the expression of 
a rabbit /3-globin gene with 425 bp of DNA 5 ' to the 
transcription initiation site and three mutants containing 
truncated 5' ends. The first of these had 100 bp of DNA 
5' to the transcription initiation site and thus contained all 
the DNA sequences required for transcription (Grosveld et 
al., 1982a, 1982b; Dierks et al., 1981). This -100  mutant 
therefore enabled us to determine whether the regulatory 
DNA sequences required for induction reside within or 
outside the promoter boundary. The other mutants had 
deletions within the conserved sequence boxes required 
for transcription per se; the V-76-93 mutant thus lacked 
the conserved -9 0  region, and the -5 8  mutant, which 
had only 58 bp 5 ' to the transcription initiation site, lacked 
both the conserved -9 0  region and CAAT box. The rabbit 
/3-globin gene mutants had been constructed in vectors 
which contained SV40 DNA sequences (Grosveld et al., 
1982a, 1982b). These sequences were removed prior to 
transformation by digestion with Hind III. The resultant 
rabbit /3-globin fragments were transfected into tk_ MEL 
cells with a Pvu I linearized human /3-globin cosmid, /3-pRT. 
This cosmid contains the 4.7 kb human /3-globin gene Bgl 
II fragment cloned into the Bam HI site of the HSV-tk 
cosmid pRT. The expression of the cotransferred human 
/3-globin gene served as a control for induction of the 
introduced DNA since previous experiments have shown 
this human /3-gene to be inducible in 80% of MEL trans
formants (Wright et al., 1983). Stable tk+ transformants 
were obtained at frequencies of 5-20 clones per micro-
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Figure 1. Structure of Rabbit /3-Globin Gene Deletion Mutants
Deletions within the 5 ' flanking region of the rabbit /S-globin gene were as shown. The construction of these mutants was described in Grosveld et al., 1982.

gram /3-pRT per 106 cells. Seven to ten transformants 
containing each of the mutants were induced to differen
tiate by culturing for three days in the presence of 3 mM 
HMBA, and levels of mouse (8-major-, human /3-, and rabbit 
/S-globin transcripts were measured by S1 nuclease anal
ysis using probes that detected the 5 ' or 3 ' ends of these 
mRNAs. The MEL cell transformants that showed induc- 
ibility for the human and mouse /S-globin genes were 
subsequently analyzed for expression of the foreign rabbit 
/S-globin gene by S1 nuclease mapping (Berk and Sharp, 
1977; Weaver and Weissmann, 1979) (Figure 2). Hybridi
zation of correctly terminated rabbit /S-globin gene tran
scripts to the 900 nucleotide 3 ' labeled Eco Rl probe 
yielded a 172 nucleotide fragment which was protected 
from S1 nuclease digestion. Similarly, hybridization of cor
rectly initiated rabbit /S-globin gene transcripts to the 221 
nucleotide 5 ' labeled Bst Nl probe yielded a 139 nucleotide 
S1 nuclease protected fragment. Figure 2 also shows the 
induction of endogenous mouse /S-globin mRNA in the 
same MEL transformants as measured by S1 nuclease 
analysis of the 3 ' end of the mRNA. All S1 nuclease 
analyses were carried out using an excess of DNA in the 
hybridization reaction, and the intensity of the S1 nuclease 
protected fragments was, therefore, proportional to the 
amount of globin mRNA present. Six out of six MEL 
transformants containing the -4 2 5  rabbit (8-globin gene 
showed a 10- to more than 40-fold increase in rabbit /3- 
globin mRNA levels upon differentiation. Induced mRNA 
levels corresponded to 500-3000 copies rabbit /S-globin 
mRNA per cell. A similar inducibility was observed for the 
—100 rabbit /S-globin gene mutant (Figure 2), thus indicat
ing that DNA sequences 5 ' to the promoter are not 
essential for activation of the gene. Four out of seven 
transformants containing the V-76-93 mutant and three 
out of six transformants containing the -5 8  mutant showed 
inducibility of correctly initiated rabbit /S-globin gene tran
scripts. The absolute levels of rabbit /S-globin mRNA varied 
extensively between different transformants containing the 
V-76-93 and -5 8  mutants (Figure 2, the first and second 
examples of both the V-76-93 and the -5 8  mutants). 
Consequently, a large number of transformants would 
have to be analyzed to obtain an accurate representative 
mRNA level for each mutant. Nevertheless, the average 
level from the small numbers of transformants analyzed is 
lower in the V-76-93 and -5 8  clones than in the -425  
and -1 0 0  rabbit /S-globin transformants. This is presum
ably due to the effect of these promoter deletions on the

efficiency of transcription per se (Dierks et al., 1981; 
Grosveld et al., 1982a, 1982b). Thus removal of DNA 
sequences that are required for transcription per se re
sulted in a reduction in the efficiency of transcription, but 
did not affect gene activation. Deletion mutations which 
removed part of the conserved ATA box resulted in so 
great a reduction in transcription of the gene that evaluation 
of their inducibility in MEL cells was not feasible (not 
shown). These data therefore indicate that not more than 
58 bp of DNA 5' to the transcription initiation site is required 
for induction of the transfected rabbit /?-globin gene in 
MEL cells.

Regulated Expression in MEL Cells of Gene 
Hybrids Containing a 5' Human /8-Globin Region
Expression of the rabbit /3-globin gene deletion mutants in 
MEL transformants indicated that the DNA sequences 
required for induction reside either within the 3 ' region of 
the promoter or downstream of the transcription initiation 
site. In order to distinguish between these possibilities, we 
constructed hybrid genes between the inducible human 
/3-globin gene and either the noninducible human 7 -globin 
gene or the noninducible mouse H-2Kbm1 gene (Weiss et 
al., 1983).

We have previously shown that the human 7 -globin 
gene is not induced in MEL cells when it is introduced as 
part of a large cosmid recombinant. This was confirmed 
by analyzing in MEL cells the expression of the human 7 - 
globin clone 7 -pRT, which contained the A7 -globin 3 kb 
Hind III fragment inserted in the tk vector pRT. Only one 
out of 12 7 -pRT transformants showed inducibility of hu
man 7 -globin mRNA (Figure 3a).

In order to determine whether the mouse H-2Kbm1 gene 
is inducible, pTME10, which contains the H-2Kbm1 gene on 
a 10 kb Eco Rl fragment, was introduced into MEL cells 
by cotransfection with the HSV-tk vector pRT. Levels of H- 
2Kbm1 transcript in 12 MEL transformants were measured 
by S1 nuclease analysis using a 600 nucleotide probe that 
spanned the junction between the third exon and third 
intron of the H2-Kb gene. Because the H2-Kb and H2-Kbm1 
genes differ in the third exon (Weiss et al., 1983), hybridi
zation of this probe to H-2Kbm1 transcripts yields a 140 
nucleotide fragment that is protected from digestion by S1 
nuclease (Rosenthal et al., submitted). None of these 12 
MEL transformants showed inducibility of H-2Kbm1 tran
scripts (Figure 3b).

In order to determine whether human /3-globin DNA
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Figure 2. S1 Nuclease Analysis of Rabbit /3-Globin Transcripts in MEL 
Transformants

(a) Individual MEL transformants containing the rabbit /3-globin gene deletion 
mutants indicated were grown for three days in the presence (+) or absence 
( - )  of 3 mM HMBA. Ten microgram samples of total cellular RNA were 
hybridized at 52°C to the end-labeled 3 ' rabbit /3-globin gene probe 
illustrated. Control RNA was obtained from rabbit bone marrow, (b) S1 
nuclease analysis of the 5 ' end of rabbit /3-globin transcripts in MEL 
transformants. RNA from MEL transformants corresponding to those de
scribed in (a) was analyzed using the rabbit /3-globin gene 5 ' probe 
illustrated (IPR/3). Hybridizations contained 100 ng RNA and were carried 
out at 37°C using a strand-separated probe, (c) S1 nuclease analysis of 
mouse /3-major globin transcripts in MEL transformants. Levels of mouse 
/3-major globin mRNA in MEL transformants corresponding to those shown 
in (a) were measured by S1 nuclease mapping using the 3 ' mouse /3-major 
globin gene probe illustrated (IP/3maj.). Hybridizations were at 52°C and 
contained 2 total cellular RNA. Control RNA was obtained from mouse 
reticulocytes.

sequences 5' to the translation initiation site can confer 
inducibility upon a noninducible gene, they were adjoined 
to the complementary 3 ' region of the noninducible human 
7 -globin and mouse MHC H-2Kbm1 genes. The construction 
of these hybrid genes is shown in Figure 4, using the Nco 
I site at the translation initiation site of the 13- and 7 -genes.

The hybrid gene containing the 5' region of the human 
/3-globin gene joined to the 3 ' region of the 7 -globin gene 
(5 '/3 -3 'y) was introduced into tk“ MEL cells. Ten trans
formants were induced into differentiation and transcripts 
from the introduced hybrid gene were quantitated by S1 
nuclease analysis using a probe that detected the 3 ' end 
of human 7 -globin mRNA. Five transformants showed a 5- 
to 50-fold induction of the 5 '/3 -3 'y  hybrid transcript upon 
differentiation (Figure 5a).

in another set of transformations, the 5'/8-3'H2 hybrid 
gene was introduced into tk~ MEL cells by cotransfection 
with the HSV-tk vector pRT. Two out of three transformants 
containing this hybrid gene showed an induction of hybrid 
gene transcript as measured by S1 nuclease analysis using 
the H-2Kb gene exon-intron probe (Figure 5b).

Regulated Expression in MEL Cells of Gene 
Hybrids Containing the Human /?-Globin Gene 3' 
Region
We have also analyzed the expression in MEL cells of 
hybrid genes in which only DNA sequences 3' to the 
translation initiation codon were derived from the human 
/3-globin gene. The construction of these hybrid genes (5'- 
H-2Kbm1-3'/3 and 5 'y -3 '/3 ) is shown in Figure 6.
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Figure 3. S1 Nuclease Analysis of Human 7 -Globin Gene Transcripts in MEL Transformants Containing 7 -pRT

(a) Thirty microgram samples of RNA from noninduced (—) and induced (+) MEL transformants containing 7 -pRT were analyzed by S1 nuclease mapping 
using the 3 ' 7 -globin gene probe illustrated (IPH7 ). Hybridization was at 52°C. Control RNA was obtained from a patient with /3°/5/3° thalassaemia. (b) S1 
nuclease analysis of H-2Kbm1 transcripts in MEL transformants containing the cosmid pTMEIO. pTME10 contained the 10 kb H-2Kbm1 gene Eco Rl
fragment cloned in the Eco Rl site of the pTM cosmid vector. Ten microgram samples of total cellular RNA from noninduced ( - )  and induced (+) MEL 
transformants containing pTMEIO were analyzed by S1 nuclease mapping using the H-2Kb gene exon-intron probe illustrated. The DNA sequence of the H- 
2Kb and H-2Kbm1 genes differ in the third exon at the position indicated. Hybridization of H-2Kbm1 transcripts to the H-2Kb gene probe thus yields a 140 
nucleotide fragment which is protected from S1 nuclease digestion. Hybridization was at 60°C and S1 digestion was for 1 hr at 20°C followed by 1 hr at 
40°C. Control RNA was obtained from the liver of an H-2Kbm1 mouse.

The 5 'y -3 '/? and 5 'H 2 -3 '/3  hybrid genes were intro
duced into tk~ MEL cells by cotransfection with pRT. Upon 
differentiation, four out of eight transformants containing 
the 5 'y - 3 '/ 3  gene showed a 5- to more than 100-fold 
induction of hybrid gene transcript as measured by S1 
nuclease analysis using a probe which detected the 3' 
end of human /3-globin mRNA (Figure 7a). Four out of five 
transformants containing the 5'H-2Kbm1-3'(S hybrid gene 
showed a similar induction of hybrid gene transcript (Figure 
7b).

The accumulation of mouse globin mRNA in differentiat
ing MEL cells results from both an increase in the rate of 
globin gene transcription and an increase in the relative 
stability of globin mRNA. Similarly, the induction of intro
duced hybrid genes containing human 0-globin structural 
gene sequences (5'y-3'/3 and 5'H-2Kbm1-3'/3) may be due 
to either an increase in the relative stability of the hybrid 
gene transcript or to an increase in the rate of transcription 
of these genes. In order to distinguish between these two 
possibilities, we measured the relative rate of transcription

of these hybrid genes before and after differentiation using 
a nuclear run-off transcription assay (Groudine et al., 1981; 
Hofer et al., 1982).

Nuclei were isolated before and after differentiation from 
two MEL transformants containing the 5'H2-3'/3 and 5 'y- 
3 '/3 hybrid genes. In these two transformants, the induction 
and expression level of the foreign hybrid gene was ap
proximately equal to that of the endogenous mouse 13- 
major globin gene, as measured by S1 nuclease. Isolated 
nuclei were incubated in a nuclear transcription reaction 
containing 32P-UTP, which was therefore incorporated into 
newly synthesized RNA. RNA was extracted and hybrid
ized to specific globin gene DNA probes that were immo
bilized as dots on nitrocellulose filters. The probes were 
isolated from the second IVS of the mouse and human /3- 
globin genes for two reasons; first, maximal sequence 
divergence between the mouse and human genes is 
located in this region. Second, these probes hybridize only 
to precursor mRNA. DNA probes were present in vast 
excess over the specific globin transcripts and conse-
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Hybrid genes were constructed from the globin 
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quently, the amount of hybridizing labeled nuclear RNA 
was proportional to the rate of transcription of the globin 
gene. All hybridizations contained RNA isolated from an 
equal number of nuclei, so that differences in the absolute 
rate of gene transcription could be measured (see Experi
mental Procedures).

Hybridization of labeled nuclear transcripts from non- 
transformed MEL nuclei before and after differentiation is 
shown in Figure 8. Differentiation of the MEL cells resulted 
in an increase in hybridization to the mouse IVS2 probe, 
indicating an increase in the rate of transcription of the 
mouse /3-major globin gene. In contrast, no increase in 
hybridization to the human IVS2 probe was observed, 
showing that the labeled mouse globin mRNA did not 
cross-hybridize with the human /3-globin gene probe. La
beled nuclear transcripts from MEL transformants contain
ing the 5 ' y -3'/3 and 5'H2-Kbm1-3'/3 hybrid genes showed 
an increase in hybridization to both mouse and human

probes upon differentiation, indicating an increase in the 
rate of transcription of both the endogenous mouse globin 
and introduced hybrid globin genes. Thus the increase in 
the level of hybrid 5'y-3'(3 and 5'H2-Kbm1-3'/3 gene tran
scripts following MEL differentiation resulted at least in part 
from an increase in the rate of transcription of these genes.

Discussion

By introducing into MEL cells a series of rabbit jS-globin 
gene deletion mutants, we have shown that no more than 
58 bp of DNA 5 ' to the transcription initiation site are 
required for induction of the /3-globin gene during erythroid 
differentiation. We also analyzed the expression in MEL 
cells of hybrid genes in which DNA sequences 5 ' to the 
translation initiation codon were derived from the human 
/3-globin gene (5'(3-3'y and 5'/?-3'H-2Kbm1). Expression of 
these hybrid genes was induced during differentiation,
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Figure 5. (a) S1 nuclease mapping of 5'fi-3 'y  hybrid gene transcripts in MEL transformants. Ten microgram samples of total cellular RNA from noninduced 
( - )  and induced (+ ) MEL transformants were analyzed by S1 nuclease mapping using the 3 ' human 7 -globin gene probe illustrated. Hybridization was at 
52°C. Control RNA was from a patient with /3°/5/3° thalassaemia. (b) S1 nuclease mapping of 5'/?-3'H-2Kbm1 transcripts in MEL transformants. Eighty microgram 
samples of RNA from noninduced (—) and induced (+ ) MEL transformants were analyzed by S1 nuclease analysis using the H-2Kb gene probe as described 
in Figure 4.

showing that the human /3-globin 5 ' flanking DNA se
quences can confer inducibility on the noninducible human 
7 -globin and mouse H-2Kbm1 genes. In addition, we ana
lyzed the expression of hybrid genes in which only DNA 
sequences 3' to the translation initiation codon were de
rived from the human /3-globin gene {5'y-3'(3 and 5'H- 
2Kbm1-3'/3). Interestingly, we observed an increased level 
of transcripts from these hybrid genes upon MEL differ
entiation. Measurement of the relative rate of transcription 
of these hybrid genes by nuclear transcription run-off 
analysis showed that these increased levels of hybrid 
transcript resulted at least in part from transcriptional acti
vation of the genes upon differentiation. We therefore 
suggest that DNA sequences required for activation of the 
/3-globin gene during erythropoiesis are found both 5 ' and 
3 ' to the translation initiation codon.

Several cloned genes have been shown to be expressed 
in a regulated manner after introduction into an appropriate 
eucaryotic cell line e. g., the growth hormone (Robins et 
al., 1982) and a -2 globulin (Kurtz, 1981) synthesis are 
inducible by glucocorticoids after the introduction of these 
genes into L cells that contain receptors for this hormone, 
and the Drosophila heat shock genes are inducible by high 
temperature after introduction into a variety of cell types 
(Pelham and Bienz, 1982). Approaches to localize the 
regulatory DNA sequences that confer inducibility on the

foreign gene have involved studying the expression of in 
vitro constructed deletion mutants and hybrid genes. In all 
cases studied thus far, the foreign gene is expressed in a 
regulated manner after transfer into cells as a short DNA 
fragment containing only several hundred base pairs of 
DNA 5' to the gene. In some systems, most notably in the 
induction of the interferon (Ragg and Weissmann, 1983; 
Weidle and Weissmann, 1983; Zinn et al., 1983) and heat 
shock genes (Pelham and Bienz, 1982), a distinct region 
within the 5' flanking region of the gene has been shown 
to confer inducibility on an otherwise noninducible gene. 
In other cases, however, the presence of regulatory DNA 
sequences 3' to the cap site of the gene has not always 
been rigorously investigated. There are several well-defined 
examples of gene transcription being influenced by DNA 
sequences located 3' to the cap site. These include the 
internal promoter region of the Xenopus 5S RNA gene 
(Bogenhagen et al., 1980), which is required for transcrip
tion per se, and the tissue-specific enhancer of the immu
noglobulin gene (Queen and Baltimore, 1983; Banerji et 
al., 1983), which is located in an intron upstream of the 
constant region gene and which probably serves to acti
vate the variable region promoter of the functionally rear
ranged immunoglobulin gene in the lymphocyte. In addi
tion, the expression of a foreign gene in a eucaryotic cell 
may be increased by a viral enhancer sequence when the



/3-Globin Gene Expression in Murine Erythroleukemia Cells
271

Qmp i£ i_____- V  pRT--------- »<------GLOBIN -

Bg/B N

V l- M3
Hd Bg/B E K K Hd K

W ^ 5' l I

<
zCC

cc ^  CXI __ Q_

C\J

LUs: 3  i = §

+i+i+i o
-  +  LJ

517 ■

298 -

220 -

*
<  input probe

<  SI protected

LUY.CC<2  MEL 
-  +

1631 -

517- 
396 - 
344 - 
298 -

2 2 0 -

i
154 -

154-

Figure 6 . Construction of 5'y-3'(} and 5'H-2Kbm1- 
3 '/3 Hybrid Genes

Hybrid genes were constructed from globin and 
H-2Kbm1 gene subclones as described in the dia
gram. N, P, E, K, and Bgl/B refer to Nco I, Pvu I, 
Eco Rl, Kpn I, and joined Bgl ll-Bam HI sites, 
respectively.

-  + -  +

<  input probe

input probe _________________ 700 nt
Q SI protected_____ 212 nt

, Eco RI Msp I

H 2-Kbm1

b

j3 globin
input probe . 
SI protected.

Figure 7. (a) S1 nuclease analysis of 5'y-3'(3  transcripts in MEL transformants. Ten microgram samples of total cellular RNA from induced and noninduced 
( - )  MEL transformants were analyzed using the 3 ' human /3-globin probe illustrated. Hybridization was at 52°C. Control RNA was obtained from a patient 
with sickle cell anemia, (b) S1 nuclease analysis of 5'H2Kbm1-3'/3 transcripts in MEL transformants. Ten microgram samples of total cellular RNA from MEL 
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Figure 8. Dot Hybridization of Labeled Nuclear Transcripts from MEL 
Transformants

Nuclei were isolated from induced (+) and noninduced ( - )  individual MEL 
5 ' y -3 '/3 (Figure 7a, clone 1) and 5'H2-3'/3 (Figure 7b, clone 4) transform
ants, RNA synthesized in these isolated nuclei was labeled for 20 min with 32P-UTP as described in Experimental Procedures. Nuclear transcripts were 
hybridized to human /3-globin (H), mouse /3-major globin (M), and human 
insulin (I) gene probes as indicated. The human /3-globin probe was the 
Eco Rl-Bam HI IVS-2 fragment. The mouse /3-major globin probe was the 
Hind III—Pst I IVS-2 fragment. The human insulin gene probe was a 1.8 kb 
Bam HI fragment described by Bell et al., 1982.

letter is placed either 5' or 3' to the gene (Banerji et al., 
1981).

The activation of a variety of glucocorticoid-responsive 
genes is mediated by the binding of the hormone-receptor 
complex to the gene. Specific binding of the glucocorticoid 
receptor to MTV DNA in vitro occurs at sites both within 
and upstream of the transcribed LTR region (Payvar et al., 
1983). This implies that DNA sequences both within and 
upstream of the gene may regulate its activation. The 
results described in this paper may similarly indicate that 
DNA sequences both within and upstream of the globin 
gene may play a role in their activation during erythroid 
differentiation. Whether the activation is accomplished by 
the binding of a positive stimulatory factor(s) or the removal 
of a negative repressive factor(s) supplied in trans by the 
MEL cell during differentiation is not clear from these 
results. The low levels of expression obtained with the 5' 
/3-globin constructs, 5'/3-3'H2 (Figure 7) suggest that the 
/3-globin promoter might be very weak or repressed in 
undifferentiated MEL cells. Although these results cannot 
be quantitated reliably, it is tempting to suggest that a 
negative regulation would operate on the 5' end and a 
positive regulation on the 3' end of the /3-globin gene. The 
induction process would only operate after the /3-globin 
chromatin had been activated during erythroid differentia
tion in vivo (Groudine et al., 1981; Groudine et al., 1983). 
In one form of 7/3-thalassaemia (van der Ploeg et al., 1980; 
Kioussis et al., 1983), a large deletion has positioned an 
unknown locus next to the /5-globin gene resulting in an 
inactive chromatin structure and a silencing of the gene. 
When this /3-globin gene is cloned and introduced into 
MEL cells, it is expressed and induced normally (Wright, 
unpublished observation). Because this abnormal /3-globin 
locus can respond normally to MEL cell differentiation, and 
because the heterozygous patient also contains a normal 
and expressed /3-globin allele, it suggests that factors that 
act in trans could only act in vivo after the activation of 
globin chromatin structure.

Experimental Procedures 

Transformation and Induction of MEL Cells
tk~ MEL cells (Spandidos and Paul, 1982) were maintained in a-MEM 
medium supplemented with 10% FCS. Cells were transformed as described 
(Wigler et al., 1979) by adding 1 fig  tk plasmid (pRT1 or /3pRT) plus 20 f ig  

nonselectable DNA (rabbit /3-globin mutant or hybrid gene) per 106 cells. 
tk+ transformants were selected in a-MEM supplemented with 10% FCS, 
15 ^g/m l hypoxanthine, 0.5 fig/m l aminopterin, 5 /^g/rnl thymidine.

MEL transformants were induced into differentiation by culturing for 3 
days in the presence of 3 mM HMBA.

Purification of RNA from  MEL Transformants
107 cells were lysed with 1-ml 6 M guanidinium chloride and phenol 
extracted. Nucleic acid was ethanol precipitated, dissolved in 10 mM Tris 
(pH 7.5), 10 mM MgCI2, 50 mM NaCI, and treated with RNAase-free DNase. 
RNA was finally phenol extracted and ethanol precipitated.

S1 Nuclease Analysis
Levels of globin mRNA in MEL transformants were measured by S1 
nuclease analysis (Berk and Sharp, 1977; Weaver and Weissmann, 1979) 
using end-labeled DNA probes. Probes were end labeled by T4 polynucle
otide kinase or reverse transcriptase to a specific activity of >107 cpm/^g. 
Labeled probe was hybridized to 10-30 **g samples of total cellular RNA 
in 10 îl 40 mM PIPES (pH 6.4), 400 mM NaCI, 1 mM EDTA, and 80% 
recrystallized formamide for 8 -12 hr. Hybridization temperatures were as 
indicated in the figure legends. After hybridization, samples were digested 
for 2 hr with 3000 U S1 nuclease in 300 fi\ 200 mM NaCI, 30 mM NaAc 
(pH 4.8), 2 mM ZnS04; digestion was at 20°C unless otherwise stated. In 
some instances this resulted in an overdigestion of the RNA-DNA hybrids 
(e. g., Figure 7b). S1 protected DNA was ethanol precipitated and electro- 
phoresed on a 7 M urea 7% acrylamide gel. The amount of protected 
probe was quantitated by scanning the autoradiographs.

Transcription in Isolated Nuclei
Transcription in isolated nuclei from differentiated and nondifferentiated 
MEL transformants was carried out as described in Groudine et al. (1984). 
Each transcription reaction contained 5 x  107 nuclei and 300 fiC\ 32P-UTP 
(3000 Ci/mmole).

Purified DNA fragments were bound to a 0.45 /im nitrocellulose filter as 
described by Kafatos et al. (1979). Two micrograms of fragment was 
loaded per dot. Individual dots were hybridized to labeled nuclear transcripts 
in a 400 fi\ volume as described in Groudine et al. (1984). Each hybridization 
contained nuclear RNA from 107 cells, which corresponded to 5-10 x  107 
cpm for the uninduced cells and 2 -5  x  107 cpm for the induced cells. After 
hybridization, the filters were washed to a stringency of 0 .3x SSC.
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The transp lan tation  antigens H -2K , H -2 D  and H -2 L  are develop- 
m entally regu lated1-3, highly polymorphic4 * * * cell surface proteins 
encoded by the m ajor histocom patibility gene complex (M H C )5-7. 
F irst detectable on the early embryo2’3, they are subsequently 
expressed on most som atic cells o f the adu lt mouse in association 
with the protein /?2-m icroglobulin (/32M ; ref. 5). Cultured F9 
em bryonal carcinom a (EC ) cells can be induced to differentiate 
along alternative pathways to form either parietal8 or visceral9 * * * * * 15 
extra-em bryonic endoderm, each concomitant with a change in 
morphology and pattern of gene expression. Previous reports have 
dem onstrated an increased level of transplantation  antigens in 
differentiated F9 EC cells10-14, but the cell types expressing them 
were not defined. H ere we show that the level of M H C  H -2K b 
and p 2M  transcrip ts is increased during both pathways of this 
differentiation. Expression of a foreign M H C  H -2 K bmI gene was 
found to be regulated in a sim ilar m anner when the gene was 
introduced into EC cells. In contrast, an introduced rabbit /3-giobin 
gene was not regulated but expressed constitutively.

F9 EC cells were differentiated into parietal endoderm by 
culturing as a monolayer with 10-7 M retinoic acid for 14 days8, 
or with 10-7 M retinoic acid plus 10-4 M N 6, 0 2-dibutyryl- 
adenosine 3',5'-cyclic monophosphate (dbcAMP) plus 10-4 |xM 
3-isobutylmethylxanthine for 5 days, conditions in which 90% 
of the cells are differentiated15,16. For differentiation to visceral 
endoderm, cells were grown for 6 days as small floating aggre
gates in bacteriological Petri dishes with 5 x 10-8 M retinoic 
acid9. MHC H-2Kb and /32M mRNA transcripts were quanti
tated by Sj nuclease analysis using an exon-intron and a cDNA 
probe respectively, which can detect —10 pg of specific mRNA 
after densitometric scanning.

Using a 161-nucleotide HpaII fragment spanning part of the 
/32M cDNA and adjacent plasmid sequences as a probe for S] 
nuclease protection, no /32M transcripts were detected in 
undifferentiated F9 cells (Fig. 1). Differentiation to parietal or 
visceral endoderm resulted in at least a 20-fold increase in the 
level of /32M transcripts, as demonstrated by the presence of 
110- and 80-nucleotide fragments resistant to digestion by Sj 
nuclease (Fig. 1). This is consistent with the high level of this 
transcript observed in visceral and parietal endoderm isolated 
from the extra-embryonic tissues of a 13.5-day-old mouse. The 
shorter than full-length 80-nucleotide fragment may be due to 
either a small difference between the cDNA probe and the 
transcript or cleavage by St nuclease of an A+T-rich region 
located 85 base pairs (bp) from the labelled HpaII site17.

St nuclease analysis using a 600-nucleotide A vail exon III— 
intron probe (Fig. 2b) was used to determine the level of H-2Kb 
mRNA. As judged by the presence of a 230-nucleotide protected 
fragment, this transcript is produced in very small quantities in 
undifferentiated F9 cells. After differentiation either to visceral 
endoderm using retinoic acid or to parietal endoderm using 
retinoic acid alone or in combination with dbcAMP (Fig. 2b), 
the level of H-2K mRNA increased 5-10-fold as determined by 
densitometer scanning.

13.5-day
embryo

« In d .vis.par.Hvis.parI

Polymorphic site

I cDNA  ̂ I pBR322
m p a l l  ' 'H p a l l

161 nt. IP.I I

110 nt. PROT I I

80 nt. PROT I I

Fig. 1 S, nuclease analysis of /32M mRNA in F9 EC cells before
(ND) and after differentiation to parietal (PAR) or visceral (VIS)
endoderm. Control mRNA was obtained from visceral and parietal 
extra-embryonic endoderm of a 13.5-day-old mouse embryo, and 
from adult mouse liver. Lane 1 contains a radioacivity labelled 
d>X x R s a  marker.
Methods: A cDNA probe for /32M (IP) (illustrated at bottom of 
figure) was end-labelled by reverse transcription, strand-separated 
and hybridized with total RNA at 37 °C for 12 h in 10 pi of 80% 
formamide, 40 mM PIPES pH 6.4, 1 mM EDTA, 400 mM NaCl. 
The mixture was digested with 3,000 U of Si nuclease (Boehringer)
in 300 pi of 300 mM NaAc pH 4.8, 200 mM NaCl, 2 mM ZnS04
at 20 °C for 2 h. S,-protected DNA (Prot.) was ethanol-precipitated,
denatured and electrophoresed on a 7M urea/7% acrylamide gel.
F9 lanes: ND, 15 pg of undifferentiated F9 cell RNA; VIS, 3 pg
of visceral endoderm F9 cell RNA (overexposed fivefold); PAR,
15 pg of parietal endoderm F9 cell RNA. Embryo lanes: 5 pg of 

visceral or parietal endoderm (from B. Hogan).

Analysis of RNA samples from other undifferentiated and 
differentiated F9 cells (given by B. Hogan)9,15,16, showed levels 
of H-2Kb mRNAs identical to ours (not shown). Low levels of
H-2Kb mRNA in undifferentiated EC cells have been reported 
previously18,19 and resemble the results described for laminin.
Laminin mRNA is also transcribed at low levels in undifferenti
ated F9 cells and its transcription is increased following differ
entiation15 * *. The fact that /32M RNA is not detectable in undiffer
entiated F9 cells may indicate that the H-2K  and /32M genes 
are regulated differently. Note that despite the low levels of
H-2Kb RNA synthesis, H~2Kb antigen might not be detected10,20 
on the cell surface in the absence of /32M.

Experiments using cell fusion or chromosome transfer 
between somatic cells and EC cells have shown that the somatic
H -2K  gene is either repressed21 * * or remains active in the hybrid 
cells19,22,23. As these experiments were inconclusive, we have 
used DNA-mediated gene transfer to study the control of H-2K
expression.

A 10-kilobase (kb) fragment containing a variant H -2K b gene 
called H -2 K bml was introduced into F9 cells24. H -2 K bml was
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1 h at 40 °C. Lane 4 contains a pBR322 x Hint marker, c, The 5' H-2Kb probe was end-labelled with T4 polynucleotide kinase, strand-separated

and hybridized as described in Fig. 1.

covalently linked to Simian virus 40 (SV40) DNA and to the 
transposon Tn5-derived aminoglycosyl phosphotransferase II 
(AGPT) as a selective marker (Fig. 2a). Using the calcium 
phosphate transformation method25, 1-10 clones per 5 x 105 cells 
per /jig DNA were obtained. Southern blotting showed that 12 
transformants contained 1-15 copies of the introduced DNA 
per cell (data not shown).

Taking advantage of the fact that the introduced H~2KbmI 
gene and the endogenous H -2 K b gene differ in the third exon 
sequence24, we prepared a 600-bp H -2 K b A vail probe from 
this region which allowed us to distinguish between the tran
scripts from the two genes by S, digestion analysis (Fig. 2b). 
Because partial S, nuclease digestion of the H -2 K b Avail probe 
protected by H -2 K bml mRNA yields the same fragment as that 
protected by the H -2 K h transcript, we confirmed the results 
using the corresponding probe isolated from the H -2 K hmI gene 
(not shown).

Out of eight clones that contained intact copies of the H -  
2 K bmI introduced DNA, seven clones showed a 6-15-fold 
increase in the level of H 2 -K bm‘ mRNA on differentiation to 
parietal endoderm (Fig. 2b, clones 2-5). Only one clone 
expressed the gene in a constitutive manner (not shown). Four

clones were shown to contain an incomplete or rearranged copy 
of the introduced DNA and on differentiation, only the 
endogeneous H -2 K b transcripts could be detected (Fig. 2b, 
clone 1). Note that the level of the endogenous H -2K h mRNA 
is 5-10-fold lower than the level found in liver and spleen of 
H -2K b mice. In contrast, the exogenous H -2K bml gene is 
expressed at higher levels. This effect may be due either to a 
higher copy number (see legend to Fig. 2b) or to selective 
integration sites.

The increased levels of H-2K  mRNA observed on differenti
ation of EC cells could be a result of transcriptional activation 
or specific stabilization of H -2K  mRNA; we cannot yet distin
guish between these possibilities.

All of the above S, analyses were done using a probe which 
spans one of the exon-intron junctions within the gene. To 
determine whether these transcripts were properly initiated, we 
used a probe that covered the 5' end of the H -2K b and H -2K bmI 
genes, which are identical in this region. Although this probe 
does not distinguish between the mRNA produced from the 
endogeneous and exogenous genes, it showed only the correct 
5' end expected for H-2Kb and H-2Kbml mRNAs, therefore we 
conclude that transcription of the exogenous gene is correctly



3

oozH
Z-  + >

H-2K b IP

b
H-2K •***■*<*

OozH
73
z

-  +  >  

i m i i i i i  mm RB.ip

Fig. 3 S, nuclease analysis of H-2Kb and rabbit /3-globin mRNA 
before (—) and after (+) differentiation. Control mRNA for H-2Kb 
was obtained from nontransformed F9 cells after differentiation 
to parietal endoderm. Control mRNA for rabbit j6-globin was 
obtained from rabbit bone marrow. The 3' rabbit /3-globin probe 
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initiated (Fig. 2c).
In another set of transfection experiments, the rabbit /3-globin 

gene, covalently linked to the same SV40 vector, was introduced 
into F9 EC cells. S, nuclease analysis of four different transfor
mants showed a low level of /3-globin mRNA which did not 
increase following differentiation, while the endogenous H-2Kb

m R N A  level in the sam e transform ants increased (Fig. 3).
These results suggest tha t the D N A  sequences involved in 

this induction  process m ust be present on the 10-kb fragm ent 
containing the H -2K bml gene used in this experim ent and that 
these sequences are specific for the H-2K  gene. It is highly 
unlikely tha t the control sequences w ould be tissue-specific 
enhancer elem ents, as first observed for im m unoglobulin 
genes26-28; instead, they may control the activation o f the H-2K  
gene at a certain tim e in the developm ent program m e and its 
subsequent expression in all som atic cells. Induction  o f this sort 
may be m ediated either by the release o f gene suppression o f 
by gene activation and our data  are com patible with both o f 
these m odels.

The fact that visceral-like endoderm  and parietal-like 
endoderm  F9 cells, w hich differ m orphologically and func
tionally , both  express H -2K  and /32M may im ply tha t the F9 
EC cells originate from  em bryonal cells predeterm ined29 to 
express transp lan tation  antigens. Thus, although F9 EC cells 
can be differentiated along alternative pathw ays8’9'30, with 
respect to the expression o f M H C  genes they may not be different 
from other, already com m itted cell systems where increased 
gene expression can be induced  chemically.
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We have introduced into murine erythroleukaemia (MEL) cells a series of human 
globin gene cosmids and two sets of hybrid genes constructed from the human (3-globin 
gene and the human y-globin or murine H-2Kbml genes. S 1-nuclease analysis of the 
mRNA products from these genes before and after MEL cell differentiation showed 
that the human |3-globin gene, but not the human s- or y-globin or H-2Kbml genes, 
is induced specifically. Hybrid genes containing human (3-globin DNA sequences from 
either 5' or S' side of the translation initiation site were both inducible. Measurement 
of the relative rate of transcription showed this induction to be the result of 
transcriptional activation. We therefore suggest that DNA sequences which regulate 
(3-globin gene expression during MEL differentiation are located both 5' and 3' to 
the translation initiation site.

I n t r o d u c t io n
The human (3-like globin genes are differentially expressed during the course of development. 
The five active genes which are located in a cluster on the short arm of chromosome 11 are 
expressed at different times and in different erythroid tissues. The embryonic 8-globin gene is 
expresed in the yolk sac, the foetal Gy- and Ay-globin genes in the foetal liver, and the adult 
5- and (3-globin gene in adult bone marrow (for review, see Maniatis et al. 1981). To study 
this tissue and stage specific expression, we have used DNA mediated gene transfer into cultured 
murine erythroleukaemia (MEL) cells. Chemically induced differentiation of these cells results 
in an increase in transcription by a factor of several hundred of the adult mouse globin genes 
(Friend et al. 1971; Ross et al. 1972; Reuben et al. 1976; Marks & Rifkind 1978). These cells 
thus serve as a model for gene activation during erythropoiesis and can be used to study the 
expression of foreign (3-globin genes, as first shown by Willing <?/«/. (1979) and Pyati etal. (1980). 
They used human chromosome 11-MEL cell hybrids to show that expression of the human 
(3-globin, but not the human s- and y-globin genes, is regulated in such MEL cell hybrids. MEL 
cells were subsequently used to study the expression of foreign globin genes introduced by DNA 
mediated gene transfer (Spandidos & Paul 1982; Wright et al. 1983; Chao et al. 1983). We 
have used a series of cosmid DNA containing the human £-, y- and (3-globin genes to show 
that the expression of the (3-globin, but not the 8- and y-globin genes, is regulated during MEL 
cell differentiation. These were followed by a series of recombinant genes with parts of the 
human (3-globin gene to localize the sequence involved in the regulated expression.



R e g u l a t e d  e x p r e s s io n  o f  t h e  h u m a n  (3-g l o b in  g en e
A series of recombinant cosmids containing different regions of the human (3-globin locus 

(figure 1) was introduced into thymidine kinase negative (tk~) MEL cells (Spandidos & Paul 
1982). Before the calcium phosphate transformation (Wigler et al. 1979), the DNA was 
linearized within the vector sequences with Pvul. Between one and twenty stable tk+ 
transformants per 106 cells per microgram DNA were obtained after selection in HAT medium.
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F igure 1. S tructure  o f hum an  globin gene cosmids. T he hum an  globin cluster was cloned in cosmid vectors 

con ta in ing  the H SV  tk gene (Grosveld et al. 1 9 8 1 ; Grosveld et al. 1982). Cosmid DNA was prepared by the 
m ethod ofB im boim  & Doly 1979). P vul linearized cosmid DNA was introduced into tk~ M EL cells (Spandidos 
& Paul 1982) by calcium  phosphate transform ation (W igler et al. 1979) and selection in hypoxanthine- 
am inopterin -thym id ine (H A T ) m edium. R eprinted by permission from Nature, vol. 305, no. 5932, pp. 333-336. 
C opyright ©  1983 M acm illan  Journals Ltd.

Each transformant was shown to contain 1-15 copies of non-rearranged exogenous DNA by 
Southern blot analyses (not shown). Ten different transformants from each cosmid transform
ation were induced to differentiate by culturing for three days in the presence of 3 m.M 
hexamethylene bisacetimide (HMBA). RNA was prepared from each culture (Auffrey & 
Rougeon 1980) before and after differentiation. The levels of human and mouse globin RNA 
transcripts were quantitated by S i nuclease protection (Berk & Sharp 1977; Weaver & 
Weissmann 1979) by using probes from the 5' and 3' ends of the genes.

Of the 54 clones tested, 52 showed more than a 100-fold increase in the levels of mouse (3-major 
globin mRNA as measured by Si nuclease protection analysis with a probe corresponding to 
the 3' end of the gene (figure 2a). This corresponds to more than 20000 copies of mRNA per 
induced cell. Six of the transformants that showed induction had high levels (over 1000 copies 
per cell) of mouse (3-major globin mRNA before induction.

Of 30 transformants that contained a foreign human (3-globin gene, 23 showed an increase 
in the level of human (3-globin mRNA after induction (average 40- to 50-fold), as shown in 
figure 2 b with a probe corresponding to the 3' end of the human (3-globin gene. The induced 
levels of human (3-globin mRNA corresponded to 150-2000 copies per ceil. Of the'seven' 
transformants that did not induce, one also showed no induction for the endogenous mouse 
globin gene, and four showed high levels of mRNA before induction by HMBA. The levels 
of human (3-globin mRNA either before or after induction did not correspond to the number 
of (3-globin genes present in the transformants. Seventeen of nineteen transformants and ail of 
nine transformants containing the complete human y-giobin gene (figure 2c), or the human 
e-globin gene (not shown) showed the same or a smaller amount of y- or e-globin mRNA 
respectively. Two y-globin transformants showed a low inducibility of y-globin mRNA.

These data with cosmid recombinants strongly suggest that the large flanking sequences are
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not required for the observed regulated expression of the (3-globin gene. Regulation is obtained 
for both Cos HG28tk and Cos HG6N, which only contain approximately 2 kilobases of 3' 
flanking DNA and o kilobases of 5' flanking DNA sequences. To confirm these results a second 
series of MEL cells was selected after transformation with (3pRT, ypRT and pTMElO. These 
plasmids contain the human (3-globin gene, the human y-globin gene and the murine major 
histocompatibility gene H-2Kbml respectively (Weiss et al. 1983) and short flanking sequences 
at the o'- and 3'- ends of the genes (figure 3).

Eight out of nine transformants with the human J3-globin gene (J3pRT) showed the same 
increased levels of (3-globin mRNA (figure 3a, b) as the transformants described above, when 
analysed with 5'- or 3'- and S 1 nuclease protected probes. In contrast, only one of twelve y-globin 
gene transformants and none of twelve H-2Kbml gene transformants showed any increase in 
the respective mRNA levels (figure 3c, d). These results indicate therefore that only the (3-globin 
gene expression is regulated in MEL-cells and that the regulatory DNA sequences appear to 
be located within a Bglll fragment of 4.7 kilobases spanning the gene.

L o c a l iz a t io n  of t h e  seq u en c es  r e q u ir e d  fo r  r e g u l a t e d  e x p r e s s io n
To determine whether the human (3-globin DNA sequences that confer inducibility upon 

the gene are located in the 5' promoter region, two hybrid genes were constructed (figure 4). 
The 5' end of the human (3-globin gene (up to the translation initiation site) was adjoined to 
the complementary 3' region of either the human y-globin or mouse H-2Kbral genes, both of 
which are non inducible (see above).

The hybrid genes were introduced into tk~ MEL cells and individual transformants isolated. 
Five out of ten o'(3-3'y-globin transformants showed a 5- to 50-fold induction of the mRNA 
level as measured with a probe that detects the 3' end of the y-globin gene (figure oa). In the 
second set, two out of three 5'P-3'H-2K hybrid transformants showed a similar induction, as 
measured with a probe specific for the H-2K mRNA (figure 5b).

A second set of hybrid genes was constructed to determine whether any inducible sequences 
were located to the 3' site of the initiation codon of the (3-globin gene. In these cases, the 
complementary constructs to those described above were made, i.e. the y-globin or the H-2K 5' 
end of the genes were adjoined to the body of the (3-globin gene. The construction of these 
5'H-2K-3'(3 and 5'y—3'P hybrid genes is shown in figure 6. Both sets of genes were introduced 
into tk" MEL cells by co-transfer with pRT. Si nuclease protection, with a 3'(3-globin specific 
probe showed that four out of eight 5'y-3'(3 and four out of five 5'H-2K-3'(3 hybrid gene mRNA 
levels increased at least five to more than 100-fold after induction (figure 7a, b). It has been 

- shown that the accumulation of mouse globin mRNA in differendating MEL cells is not only 
the result of an increase in the rate of transcription, but also of an increase in the relative stability 
of globin mRNA. It is therefore possible that the increase in the mRNA levels of the 5'y-3'P 
and the o'H-^K-S'jp hybrid genesmay be due to an increase in the stability of the mRNA rather 
than to an increase in the role of transcription. To distinguish between these possibilities, we 
measured the relative rate of transcription of these genes before and after differentiation using 
in vitro nuclear run-off transcription (Groudine et al. 1981; Hofer et al. 1982). Nuclei were 
isolated from MEL cells containing the hybrid genes, both before and after differentiation. RNA 
was extracted from these nuclei after a nuclear transcription reaction in the presence of 32P-UTP 
and hybridized to globin probes spotted on to nitrocellulose filters. Three DNA probes were
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from the g lobin .and H -2K bmi genes as described in the diagram s. N, P, I f  Nr refer to Ncol, Pvul, £coRI and 
Nrul sites respectively. ' -V

I
used, an insulin probe (Bell et al. 1982) as a negadve control and two globin probes from the 
large I VS of the mouse and human {3-globin genes respectively. These probes therefore measure 
the amount of precursor mRNA in an area of the greatest sequence divergence between the 
mouse and human globin genes. The hybridization contained RNA from an equal number of 
nuclei and a vast excess of filter bound DNA probe, so that differences in the absolute rate 
of gene transcription could be measured.

Differentiation of control untransformed MEL cells showed an increase in hybridization to
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F ig u r e  5. (a) S i nuclease analysis of M E L  cell transform ants containing o'(3-3'y hybrid globin genes, {b) S i nuclease 
analysis of M EL cell transform ants containing 5 ,(3-3, H -2K btni globin genes. Control RNAs and methods were 
as described in figures 2 and 3.

the mouse probe, but not the human probe after differentiation (figure 8). This indicated an 
increase in the rate of transcription of the mouse {3-globin mRNA, which did not cross hybridize 
with the human probe. In contrast, MEL cells containing the o'y-3'P or 5'H-2K-3'{3 hybrid 
genes showed an increased hybridization to both the mouse and human probes. Thus, the 
increase in the level of 3'(3 hybrid gene transcripts resulted (at least in part) from an increase 
in the rate of transcription following MEL differentiation.

D iscussion
We have shown independent regulation in the expression of individual human e-, y- and 

(3-globin genes when introduced into MEL cells as a gene cluster. In accordance with the results 
obtained with human chromosome 1 1-MEL cell hybrids (Willing et al. 1979; Pyati etal. 1980}, 
the expression of human adult, but not foetal or embryonic genes, is regulated during MEL 
cell differentiation. In our case, all the genes are expressed constitutivelv, probably because 
the genes are linked to a selective marker. The marker gene [tk)  in turn will be integrated in 
an active part of the MEL cell genome and be expressed constitutivelv to grow under selective 
conditions. Different integration sites and chromatin structures of the introduced genes in
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H -2K bmi plasmids as described in the d iagram . N, R . E, K refer to .WoI, Pvul, EcoKl and Kpnl sites respectively.

separate transformants, rather than any heterologous effects would also explain the variable 
levels of expression and induction of the introduced genes (Wright et aL 1983; Chao et al. 1983). 
To define the DNA region of the (3-globin gene involved in induction, we constructed two types 
of hybrid genes: one set containing the upstream sequences from the initiation codon of the 
(3-globin gene linked to the downstream complementary part of two non inducible genes (5'j3-3'y 
and 5 '{ 3 - 3 'H - 2 K )  . The mRNA levels of these hybrid genes was increased after'MEL cell 
differentiation, which suggests that the o'- flanking upstream region of the P-globin gene 
contains sequences tharconfer inducibility of transcription. ~ .. _

A second set of hybrid genes contained the upstream region from the non inducible y-globin 
and H-2K genes linked to the part of the (3-globin gene downstream from the initiation codon 
(o'y-3'p and 5'H-2K-3'j3). Surprisingly, we also observed an increased level of transcripts from 
these hybrid genes after MEL cell differentiation. Nuclear run-off analysis showed this increase 
to be (at least partly) due to an increase in the rate of transcription. We therefore suggest that 
DNA sequences required for the activation of the (3-globin gene during erythropoiesis are also
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Figure S. N uclear run-off transcrip tion  of M EL cell transform ants containing hybrid globin genes. Nuclei were 
isolated from non-induced ( — ) and induced ( + )  M E L celltran sfo rm an tscon tam m gao 'Y -3 'P o ra5 'H -2K bml'‘?, '(5 
hybrid gene. R N A  was labelled with 32P-U T P ,300 pCi, 3000 C i/m m ol per 5 x 107 nuclei) as described by 
G roudine et al. ( 1984). T w o pg of purified DNA fragm ents were bound to a 0.45 pm nitrocellulose filter, as 
described by K afatos et al ( 1979), and hybridized w ith labelled nuclear transcript as described by G roudine 
et al. ( 1984). Each hybrid ization  contained nuclear R N A  from 107 cells which corresponded to 5 x 107 to 
10 x 107 cpm  for the non-induced cells and 2 x 107 to 5 x 107 for the induced cells. After hybridization, the filters 
were washed to a stringency of 0.3 XSSC. T he hum an p-globin (H ), mouse (3-major globin (M) and hum an 
insulin ;I) fragm ent probes were an EcoRI-Bam H I IVS fragment, a H in lll-P s tl  IVS fragm ent and a 1.8 
kilobases BamH.1 fragm ent (Bell et al. 1982), respectively.

located at the 3' side of the translation initiation codon. This would also explain the fact that 
the rabbit (3-globin gene is still induced upon differentiation when large regions of the upstream 
sequences have been deleted (Wright, unpublished observations).

There are several other examples of gene transcription influenced by DNA sequences located 
downstream of the camp site, e.g. the internal promoter region of the Xenopus 5S RNA gene 
and the tissue specific enhancer of the immunoglobulin gene, which is located in an intron. 
In addition, it has been shown that the expression of foreign genes in eukaryotic cells can be 
increased by a rival enhancer when it is placed either at the o'- or 3'- side of the gene.

Specific binding of the glucocorticoid receptor to MTV DNA in vitro occurs at sites both within 
and upstream of the transcribed region. This suggests that DNA sequences both within and 
upstream of the gene may regulate this glucocorticoid responsive gene. The results described 
in this paper may similarly indicate that DNA sequences both within and upstream of the globin 
gene may play a role in their activation during erythroid differentiation. Whether the activation 
is accomplished by the binding of a positive stimulatory' factor(s), or the removal of a negative 
repressive factor(s) supplied in trans by the MEL cell during differentiation, is not clear from 
these results. The low levels of expression obtained with the 5'{3-globin constructs o'P-3/H-2K 
(figure 7) suggest that the |3-globin promoter might be very weak or repressed in undifferentiated 
MEL-ceils, although these results cannot be quantitated reliably. Nevertheless, it is tempting 
to suggest that both a negative regulation would operate on the o' end and a positive regulation 
on the 3' end of the (3-globin gene. :T

The evidence to date suggests that the induction in tram could only operate in vivo after the 
{3-globin chromatin structure has been activated during_erythroid differentiation. Changes in 
globin chromatin structure have been shown to occur with globin gene activation in chicken 
(Groudine etal. 1981) and humans (Groudine et al. 1983). Similarly, in MEL cells, newDNasel 
hypersensitive sites appear in the mouse {3 major globin region after induction of MEL cel- 
differentiation (Hofer et al. 1982; Sheffery et al. 1982). Although not proven, this suggests a 
causal relationship between globin gene activation and changes in chromatin structure. This 
relationship has been used to explain the phenotype of one form of y(3-thalassaemia (van der
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Ploeg et al. 1979; Kouissis et al. 1983). In these patients a large deletion has removed the normal 
upstream sequences and positioned an unknown locus next to the (J-globin gene. When this 
(3-globin gene is cloned and introduced into MEL cells, it is expressed and induced normally 
(Wright, unpublished observations). Consequently, because this abnormal P-globin locus can 
respond normally to MEL cell differentiation, and because the heterozygous patient also 
contains a normal and expressed P-globin allele, it suggests that factors which act in trans could 
only act in vivo after the activation of the globin chromatin structure.
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ABSTRACT The use of DNA-mediated gene transfer for the 
study of the rabbit (5-globin promotor, the molecular 
basis of (3+thalassaemia and the specific induction of 
human (3-globin expression in mouse erythroid cells is 
described. In addition, we describe the isolation of 
the class I mouse MHC genes from the H-2D haplotype.
We further show that an H-2K^ gene when introduced into 
mouse L cells renders these cells a target for both 
allospecific and H-2 restricted, virus-specific 
cytotoxic T cell killing.

INTRODUCTION

The globin system has served us well as a model for the 
•ays in which genes are organized on the chromosome and 
xpressed in the cells of higher eukaryotes. In this article 
•e consider three aspects of globin gene transcription and 
NA processing, all studied using the techniques of DNA- 
ediated gene transfer. In the second part of the paper, we 
escribe the application of these techniques to the analysis 
f the functioning of cell surface antigens of the major 
istocompatibility complex (H-2) of the mouse.
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For a number of years we have studied the DNA sequences 
required for the transcription, in vivo and in vitro, of the 
rabbit p-globin gene. DNA sequence comparisons made by 
others, have pointed to two sequences, present to the 5’ side 
of genes transcribed by RNA polymerase II called the "ATA" box 
(jATAjAAG; refs. 1, 2, 3) and the "CAAT" box (GGjCAATCT (3). 
Subsequent to their discovery, considerable effort has been 
expended to test the requirement of these sequences for trans
cription of cellular and viral genes. Thus, deletion of the 
ATA box causes a loss of specificity in the choice of the site 
of initiation of RNA synthesis (A, 5, 6, 7) and usually (A, 5) 
but not always (5, 6) a strong down mutation. Deletion of 
the CAAT box region is usually a strong down mutation (8, 5,
6, 7, 9), but these studies did not determine the necessary 
DNA sequences within this region. In the past nine months we 
have attempted to delineate these DNA sequences, within the 
-80.region which are required for transcription in vivo. The 
approach used is shown in Fig. 1. A variety of deletion 
mutants have been generated and then analysed in the SVAO HeLa 
cell transient expression assay system (10) as described (7). 
Basically deletions emanating around the CCAAT sequence at 
position -75 or further upstream at -96 have been analyzed.
The mutant DNAs were introduced into HeLa cells as globin-SVAO 
-pBR328 plasmid recombinants. The transcription, which occurs 
from the rabbit p-globin gene promotor requires the presence 
of the SVAO enhancer sequence (72bp repeat); the plasmid used 
by us also contains the early region of SVAO so that T antigen 
is also expressed in these cells (about 30% of the cells are 
T antigen positive two days after transformation).

To quantitate our data, we cotransformed the HeLa cells 
with mutant rabbit p-globin genes and the 'wild type' human 
p-globin gene; transcripts from both genes are analyzed 
simultaneously in S-̂ mapping experiments and the human S-globin 
gene serves as an internal control. A summary of these 
experiments performed with a number of deletion mutants is 
shown in Fig. 2.

The following conclusions can be drawn:
1. Most, if not all, of the entire GGCCAATCT sequence is 
required for efficient transcription in vivo. Deletion of 
the GG, or AATCT residues are down mutations.
2. Deletion of a region to the 5’ side of the CCAAT sequence 
has an even stronger effect. Deletion -76 to -93 has an 
essentially intact*'CAAT" box yet it is a 50-fold down mutation. 
Although this upstream region is less precisely defined, it is 
likely that the sequences from -83 to -9A are involved. This 
v n r r i  /- .m  -i c  n V i a r a r f p r i  7 P  d bv manv C residues and is therefore

THE RABBIT p-GLOBIN PROMOTOR

r

* 2 G L O B I N  A N D  H -2  G E N E S

4? -2<2 -yp -9*i ♦ 476 ♦ 1120 *1200 *1290 ♦ 1645

BgJB Rs.il PSM Pvui BamHI Ecofil By) I  ; B ^ I

FIGURE 1. General structure of the rabbit p-globin gene 
and the strategy used to generate deletion mutants. The rabbit 
p-globin gene is shown together with a number of relevant res
triction enzyme cleavage sites. The bottom half of the figure 
shows an expanded view of the promotor region.
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acagccgtcctctcatcacccacacctcaccctccacacccacaccctcctc

ACAGCCCTGCTCTCArCACCCACACCTCACCCTCCACACCCACACCCT 

ACAGGCCTGCTGTCATCACCCACACCTCACCCTCCACAGCCACACCC 
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ACAGGCCT
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:aatctacacacco g ctacccatt
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FIGURE 2. The transcription efficiencies of deletion and 
insertion mutants in the -80 region of the rabbit p-globin gene. 
The sequence in the -80 region of each mutant template is pre
sented, and the gaps show the DNA residues deleted. Trans
cription level was determined by scanning the autoradiograps
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similar to a region of the TK gene, mapping from -95 to -105, 
which is required for transcription of that gene in mouse L 
cells (6).

The rabbit J3-globin gene oromotor can therefore be 
seen conceptually as a tripartite structure, the ATA box,
CAAT box and the -90 region. In our transient expression 
system the enhancer sequence of SV40 is required for 
expression. Why this is, and whether there is a cellular 
counterpart for enhancing globin gene expression, is not 
clear.

PHENOTYPIC ASSAY OF INHERITED DEFECTS IN HUMAN GENES

Structural studies of cloned genes from patients with 
inherited diseases have in many cases provided a clear 
explanation for the genetic defect. Thus, many such diseases 
result from a single base substitution which generates a stop 
codon; as a result the protein is not formed (e.g. 11, 12,13). 
Yet it is likely that genetic lesions exist for which the 
molecular defect is not so easy to determine, either because 
the mutations detected bv structural analysis are not clearly 
interpretable, or because a large number of polymorphic 
differences are present which mask the true mutation that 
causes the disease. To solve this, it is essential to 
correlate structure with function.

R-Thalassaemia is an excellent model system for this 
type of study. It is by far the commonest form of thalass- 
aemia in the (3-related globin gene family and it is generally 
divided into two classes. In the first, p+-thalassaemia, a 
low but detectable level of p-globin protein is found; this 
low level of p-globin protein reflects a low level of p-globin 
mP-NA. It seems likely, a priori, that this disease would be 
the result of a defect in the transcription or processing of 
[3-globin mRNA precursors. In P.°-thalassaemia no p-globin 
protein is detected. In this case, therefore, a nuirber of 
causes of the genetic lesion can be envisaged. In some cases, 
globin mRNA is readily detectable (14), whereas in others, 
[3-globin mRNA could not be detected using cDNA hybridization 
techniques (e.g. see reference 15). It is likely,
therefore, that there are several different molecular forms 
of p°-thalassaemia.

The molecular defect in (3+- thalassaemia has been 
studied by structural analysis of cloned thalassaemic (3-globin 
genes ( 16,17). Interestingly, both genes show a single base 
substitution when compared with the normal p—globin gene 
TTGG -> TTAG at a site 21 nucleotides to the 5' side of the 
3,_splice junction of the small intervening sequence of the 
P.—p  1 nhi n p p t i p .  Amnne the uossible phenotvoes that could be

postulated to explain this result, the most interesting is 
that this generates a new splice acceptor site in the small 
intervening sequence. We have recently shown this using the 
SV40-HeLa^cell system (18). S mapping of the p-globin RNA 
produced in HeLa cells from a 1 p+thalassaemic p-globin gene 
shows that about 95% of the p-globin mRNA produced 
is spliced to this abnormal splice site (not shown).
To establish the nature of the aberrant RNA produced, we have 
used a 5’- labelled DNA fragment as a primer to synthesize, 
using reverse transcriptase, a cDNA complementary to this fi- 
globin RNA. This cDNA has been purified and its sequence deter
mined (Fig. 3). As a control, cDNA synthesized from globin 
mRNA from a patient with sickle cell haemoglobin was also 
sequenced. It can be seen that the abnormal splicing of the 
small intron generates a p-globin mRNA with an additional 19 
nucleotides which derive from the small intervening sequence; 
since this is not a multiple of 3, this insertion results in 
the alteration of the translational reading frame and 
generates an in-phase stop codon 5 amino acids after the 
splice.

From the above, it should be clear that a combination 
of structural and functional analyses will make it possible 
in the future to elucidate the molecular nature of defects in 
a large number of human diseases. In the examples provided 
here, we show that defects at the level of protein synthesis 
and RNA processing can be elucidated using these systems.
Since the globin mRNA produced in these cells is spliced, 
polyadenylated and exported to the cytoplasm ( 18), it is 
likely that defects at the level of RNA transport can also be 
studied. It is to be anticipated that the combination of 
structural and functional analyses in the next few years will 
bring some interesting discoveries in the field of the molec
ular biology of human diseases.

SPECIFIC EXPRESSION OF THE HUMAN
P-GLOBIN GENE IN ERYTHROID CELLS

In the above mentioned experiments, globin gene expres
sion has been analysed in cells (such as HeLa cells) which do 
not express their endogenous globin genes. Although this 
permissive behaviour is useful, this system is not suited to 
a study of those factors which determine the specific expres
sion of globin genes in erythroid cells. To examine this, 
we have introduced various segments of the human p-related 
globin gene locus as cosmid recombinants into an erythroid 
cell line, the well known Friend cell (murine erythroleukaemia 
cells or MEL) and then determined the level of human p-globin 
mRNA in the transformed MEL cells before and after the
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B̂ĉobm cDNA B-globn cDNA

FIGURE 3. cDNA sequence over the junction of Exon I 
and Exon II of (3+-globin mRNA.

We synthesized cDNA by hybridizing an end-labelled, 87 
nucleotide CvnI-Cvn I DNA primer to (3+-globin mRNA obtained 
from transformed HeLa cells and by subsequent primer extension 
with reverse transcriptase. Full-length cDNA synthesized up 
to the 5* end of (3-globin mRNA was sequenced, and then 
separated on a 10% polyacrylamide sequencing gel. (3s-globin 
mRNA isolated from reticulocytes of a patient with sickle cell 
anaemia was used in the control experiment. The cDNA 
sequences and the complementary mRNA sequences, together with 
the deduced amino acid sequences, are shown to the right and 
left. Amino acids are numbered starting at the N terminus 
of the (3-globin protein. Shaded area: the additional 19
nucleotides of the (3+-globin mRNA that are inserted between 
Exon I and Exon II of the normal (3-globin mRNA.
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induction of erythroid differentiation. The DNA segments 
that we have introduced into these cells are shown in Fig. 4. 
In the majority (15 of 24 clones examined) of clones that 
contain the human (3-globin gene, the level of (3-globin mRNA 
is stimulated by from three to greater than ten-fold by 
inducers of erythroid differentiation (Fig. 5 shows an 
example). This result is found for all the relevant cosmid 
clones; since the cosmid clones used have from 2.5kb to about 
35kb of the DNA sequences flanking the (3-globin gene on the 
5* side and the same amount of 3'-flanking DNA, it follows 
that DNA sequences far from the human (3-globin gene are not 
required for the induction phenomenon. Of those clones that 
contain the y-globin genes, the majority are not inducible; 
instead, constitutive synthesis is usually seen or a decrease 
in the level of y-globin mRNA after induction (see the MEL 
clone in,e.g.,Fig. 6 which is inducible for (3-globin mRNA but 
not y-globin mRNA).

It is likely that the induction of human (3-globin mRNA 
is regulated at the level of transcription, although we have 
not specifically addressed this question. In all clones 
examined, the mouse a-globin mRNA induction was monitored and 
was greater than ten fold in all cases. Secondly, in clones 
where the (3- and y-globin genes (such as Fig. 5) were present 
y-globin mRNA, but not (3-globin mRNA, was present before 
induction; upon induction (3-globin mRNA is found. It is 
therefore unlikely that the human (3-globin mRNA, but not the 
y-globin mRNA is being synthesized but selectively degraded 
before induction.

MOLECULAR ANALYSIS OF A COMPLEX GENE LOCUS;
THE MAJOR HISTOCOMPATIBILITY COMPLEX

The major histocompatibility complex (MHC) plays an 
important role in the regulation of the immune response in 
vertebrates. There are three classes of MHC proteins, the 
classical transplantation antigens (class I: in man HLA-A B
and C; in mouse the H-2 K L and D proteins), immune response- 
associated antigens (class II: in man HLA DR; in mouse la
antigens) and the complement products (class III). The genes 
for the three classes of antigens are closely linked on 
chromosome 17 of the mouse. Adjacent to the H-2 complex in 
mouse is the TL complex which contains several genes encoding 
lymphoid differentiation antigens, the Qa and Tla antigens.
See Fig. 6 for a schematic genetic map of the MHC complex in 
mouse.

Both the H-2 antigens (K, D, L,and R) and the Qa and 
Tla are integral membrane proteins of 40-45000 molecular 
weight found associated with ^-microglobulin. It is,
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RNA from MEL cellsDefore (-) 
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erythroid differentiation.
3*-labelled probes were used to 
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One of the most intriguing aspects of the H-2 antigens 
is their extreme polymorphism. Allelic products from 
different inbred mouse strains differ in most cases as shown 
by both serological analyses and protein sequencing. In fact, 
about 50 alleles at each of the H-2K and H-2D loci have been 
observed (for a review see 21 ). H-2 haplotypes are defined
serologically and consist of a particular set of alleles found 
at each H-2 locus (e.g. the C57 black/10, or BIO, mouse is 
H-2b at each H-2 locus, the AKR strain H-2k , DBA/2 H-2d and 
so on). Some inbred mouse strains appear to be natural re
combinants betwTeen other strains (e.g. the A mouse strain with 
the H-2a haplotype is H-2Kk but H-2Da) . It is likely that 
the analysis of the gene clusters by recombinant DNA tech
nology will provide some clues to the nature of the polymor
phic differences.

A number of groups have isolated cDNA clones which 
encode proteins whose sequences are homologous to known trans
plantation antigens (see e.g., 22 and 23 ). Southern blotting 
analysis of genomic DNA probed with these cDNAs shows many 
cross-hybridizing DNA fragments which reinforces the notion 
that the MHC is a large multi-gene family. We have isolated 
a large number of mouse genomic clones which contain sequences 
complementary to H-2 cDNA from a.cosmid library (24 ) using 
spleen DNA from the BIO mouse (A. Mellor, L. Golden and
H. Bullman, unpublished). Analysis of these clones by 
standard restriction enzyme digestion techniques establishes 
that many of these clones fall into a number of gene clusters 
(Table I); in total about 17 different H-2 like genes have 
been isolated in these cosmids.

Which H-2 genes are contained within these clusters?
The number of independent H-2-like DNA clones exceeds that 
expected from the 4-5 known H-2 genes. This suggests that 
other H-2 related sequences are present in the mouse genome.
A first step to identifying these genes is to determine where 
they are located on the MHC genetic map. To do this we have 
made use of polymorphic differences at restriction sites that 
exist between different mouse strains in the DNA sequences 
flanking a given H-2 gene. This is done by cutting DNA from, 
say, BIO (H-2b), AKR (H-2k) and BALB/c (H-2d) mice with a 
number of restriction enzymes and blotting this onto nitro
cellulose filters. The filters are then probed with a frag
ment from a given cosmid in order to detect polymorphic res
triction site differences between the parental inbred strains. 
For example, using a probe from a clone in cluster 4 in PstI 
digests of these mouse DNAs shows a 2.5kb band in BIO DNA, 
but a 3.8kb band in AKR DNA. Recombinant mice have been 
produced which contain a given segment of the MHC map from one
1 —  1 — — —  — f  — — -  -  A T7 T1 -  T T—  <4 «  n  n  n  n * .  ^  n  «  ♦ - / - \ m  o  c* r \ r~\ r~i r \
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mouse (say C57 black/6 or B6; H-2 ). The origin of genes
which have been recombined in these mice has been shown by 
serological analysis of the recombinants. Thus, in the 
recombinant mouse B6K2 the Tla and Qal loci are 
derived from the AKR (H-2k) mouse, whereas the H-2 region 
comes from the B6 mouse. Blotting Pstl-cut DNA from the 
B6K2 DNA with the same probe shows that the AKR pattern (3.8kb 
band) and not the B6 pattern is obtained. It follows, there
fore, that gene cluster 4 is localized in the AKR segment of 
the B6K2 mouse; that is, in the Tla region.

We have used the same approach to localize DNA segments 
in the H-2K region, the H-2D region and the Qa2, 3 region. 
Thus, class I, H-2 genes, or pseudogenes are found spread over 
chromosome 17 between the H-2K and TL genetic loci; a region 
of 1.3 cM and perhaps as much as 10b-lC>7 base pairs of DNA. 
This gene cluster might then be two orders of magnitude 
larger than the g-globin cluster (Table I).

EXPRESSION OF AN H~2Kb GENE IN MOUSE L CELLS

Although cosmid clones can be mapped to a given locus 
by the mapping procedures described above, to establish the 
identity of any given gene, a more detailed analysis is re
quired. We have, therefore, introduced H-2 cosmids into 
mouse L cells to ask if these cells which contain a given 
cosmid express a known H-2 gene. We have transformed L cells 
with cosmid DNA as a calcium phosphate coprecipitate and then 
selected for stable TK positive transformants. Since the 
cosmid vector used for most of our experiments, pOPFl 
(F. Grosveld and T. Lund, unpublished) contains the Herpes 
Simplex Virus (HSV) thymidine kinase (tk) gene, transformants 
are readily obtained. Transformants were screened for the 
binding of monoclonal antibodies which react with the H-2K or 
H-2D molecules. L cells transformed with the cosmid H8 bind 
the H-2Kb monoclonal specifically, while none of this group 
binds the H-2Db monoclonal (not shown). Cosmid clones H8, H24 
and H25 are all found in cluster 1 and map at the H-2K locus. 
This cluster (Fig. 7) contains two genes; since both H24 and 
H25 contain gene A and do not express H-2Kb we deduce that 
gene B is the H-2Kb gene. Sequence data confirm this con
clusion (E. Weiss, R. Zakut, unpublished). L cells contain
ing the B gene of cluster I (called gene IB here) bind a 
variety of other alloantisera directed against the H-2Kb 
molecule and immuno precipitations with anti H-2Kb antibodies 
reveal the expected 45K protein. We are therefore confident 
that the cells express the H-2Kb protein.
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TABLE I
Summary of H-2^ gene clusters isolated from BIO mouse library

Cluster map number of number of
location genes cosmids

1 H-2K 2 7
2 H-2D 1 4
3 Qa 2/3 3 25
4 Tla 4 39
5 1 3 11

H-2 cosmids were mapped using standard restriction enzyme 
digestion and blot-hybridization with probes for the 5' and 
3' regions of H-2 cDNA, mouse genomic DNA and the vector used 
for the construction of the library, nine cosmids have 
not yet been arranged into clusters. Of these one maps to 
Qa 2/3 and one appears to map outside the entire locus.

MIOBASES
?  10 2 0  JO  4 0  5 0  6 0I I I I I I I

H39
<H25

H24
H8

K= Kpnlx=xhoi H21

FIGURE 7. A restriction enzyme map of the region cloned 
in the H8 cosmid cluster. The top line shows the extent of 
the cloned region and the approximate positions of Xhol (X) 
and Kpnl (K) restriction sites (see top scale calibrated in 
kilobases, kb). Class I gene regions (A and B) are shown as 
thick lines and their 5' to 3' orientation is indicated by the 
thick arrows over the line. The approximate extent of each 
cosmid is shown below the line beside the name assigned to 
each cosmid. Dotted lines at the end of cosmids indicate that 
the end of the cosmid has not been determined precisely.
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CYTOTOXIC T CELL MEDIATED LYSIS OF TRANSFORMED CELLS

The presence, of the H-2K^ molecule on a cell renders 
these cells as targets for allogeneic cytotoxic T-cell (Tq-  
cell) mediated killing by Tq cells raised against H-2^ 
antigens (25 ). A number of indirect arguments suggest that 
the presence on the cell membrane of a given H-2 polypeptide, 
such as the H-2K^ molecule,is sufficient to generate a target 
for TQ-cells. For example, this process can be blocked by 
monoclonal antibodies directed against a single H-2 polypep
tide (26 ). To test this directly, and also to further 
characterize the H-2K^ polypeptide detected by serological 
assays on the surface of L-cells transformed by cosmid H8, 
we generated Tq cells directed against H-2^ or H-2^ antigens 
and tested their ability to kill various target cells (not 
shown). Whereas anti.-H-2^ Tq cells show specific killing of 
all L-cell lines tested, anti-H-2^ TQ-cells show specific 
killing of only control BIO target cells and two L-cell 
clones (LH8-1 and LH8-2) transformed by cosmid H8. Untrans
formed L-cells (Ltk-), a clone transformed by cosmid H25 
(LH25-1) and other clones transformed by cosmids H24 and H39 
(data not shown) are not seen as targets for killing by anti- 
H-2 b TQ-cells. This data confirms that the H-2K^ molecule 
detected by serological assays in cosmid H8 transformed cells, 
can act as a target for anti-H-2^ TQ-cell killing.

We performed a similar experiment using B10.D2 (H-2^) 
TQ-cells generated by immunisation with target spleen cells 
from the recombinant mouse BIO.A (5R) (Kb,D^). Such TQ-cells 
kill cells expressing the H-2K^, but not the H-2D molecule. 
These TQ-cells also kill L-cells transformed with cosmid H8, 
but not L-cells transformed with cosmid H39 (not shown).

CYTOTOXIC T CELL-MEDIATED LYSIS OF CELLS 
INFECTED WITH INFLUENZA VIRUS

TQ-cell-mediated lysis of cells expressing viral 
antigens on their surface can only take place when the viral 
antigen is presented to TQ-cells in association with an 
appropriate H-2 antigen; in this way H-2 antigens act as a 
restriction element for the cytotoxic T-cell response (25 , 27 ). 
Thus, we tested the ability of the H-2K.k molecule expressed 
on the surface of L-cells transformed by cosmid H8 to act as 
a restriction element for TQ-cell-mediated killing of influ
enza virus-infected cells.

Influenza-specific Tq clones restricted to one H-2 
region can be selected and grown in the presence of T-cell 
growth factor (28) . L-cells (H-2^) and LH8-1 were infected
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FIGURE 8. Cytotoxic T-cell-mediated killing of 
transformed L-cells infected with influenza virus. ,

Two influenza specific T^-clones, T6/11/5 (H-2K 
restricted; square symbols) or A3.1 (H-2D^ restricted; 
circular symbols) were incubated with influenza virus (strain 
X31) infected (closed symbols) or non-infected (open symbols) 
LH8-1 or Ltk- (L-cell control) target cells. The percent 
specific lysis estimated by -^chromium release (29) at each 
killer (T^-cell) to target (LH8.1 or Ltk-) ratio was calcul
ated using the formula (E-C) Where E = cpm from
target cells incubated { . t i n i e r  cells, C = cpm from target 
cells incubated with medium alone and M = cpm from target 
cells lysed with 5% triton. Controls using influenza virus 
infected macrophage1' targets from B10HTG mice (H-2K^, D^) or 
B10A5R (H-2i<b, Dd) demonstrate the H~2K^ and H-2D^ restricted 
killing of T^-clones T6/11/5 and A3.1 respectively. The 
isolation and characterization of these T(;-clones will be 
described in detail elsewhere (Townsend and Taylor, 
manuscript in preparation).
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for two influenza specific H-2 Tq clones, one restricted to 
H-2K*5 (T6/11/5) and the other (A/3.1) to H-2D^ molecules 
(A. Townsend and P. M. Taylor, unpublished data). Figure 8 
shows that X31 infected, untransformed L-cells (H-2^) are 
unable to act as targets for killing by either the H-2Kb or 
H-2D^-restricted TQ-cell clones. LH8-1 cells infected with 
X31, however, act as targets for killing by the H-2Kb res
tricted Tq cell clone, but not the H-2D° restricted clone.
This shows that the H-2K^ molecule expressed on the surface 
of LH8-1 cells is able to act as a restriction element for 
TQ-cell killing of X31 virus infected cells. We have 
recently carried out the same experiments with L cells trans
formed with an H-2D^cosmid. Again, using an H-2D^-restricted, 
influenza virus specific Tq cell clone, we have obtained 
specific lysis. It is clear that this will be a general 
phenomenon.

In summary, it is clear that the presence of the H-2K 
gene in mouse L cells is sufficient to evoke essentially all 
the immunological properties that have been associated with 
this molecule by a number of more conventional approaches.
The fact that these processes can be studied by DNA mediated 
gene transfer will make it possible to carry out a detailed 
molecular analysis of the determinants recognised by anti
bodies and by the T cell receptor. Specifically, it should 
now be possible to transform L-cells with hybrid H-2 genes, 
constructed in vitro, which contain DNA segments from, say, 
the H-2K^ and H-2D^genes and to ask whether TQ-cell clones, 
either allospecific or H-2 restricted, can kill such target 
cells. In this way, we hope to map the determinants recog
nized by specific monoclonal antibodies and by the T-cell 
receptor.
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INTRODUCTION

The regulation of gene expression in higher eukaryotes is likely to 
occur in several steps. Initiation of transcription is believed to be at least 
one of the major steps in gene control. Although transcriptional regula
tion is at present poorly understood, the interaction of the 5' flanking 
region of a given gene with regulatory proteins is thought to play an 
important role in this process (Davison et al., 1). Furthermore, the chro
matin structure of transcribed genes differs from that of inactive genes, 
and as a consequence, changes in the chromatin configuration apparently 
precede transcriptional activation of a gene (for review, see Weisbrod, 2). 
Over the last years, the modulation of DNA methylation has been impli
cated to be yet another mechanism of gene regulation (for review, see 
Razin and Riggs, 3). Detailed studies of the tissue specific pattern of 
DNase I sensitivity and DNA methylation showed that actively tran
scribed genes were DNase I sensitive and undermethylated, whereas 
inactive genes were DNase I insensitive and usually, but not always, meth
ylated (Weintraub and Groudine, 4; Stalder et al., 5; McGhee and Ginder, 
6; Mandel and Chambon, 7; van der Ploeg and Flavell, 8). This suggested 
that DNase I sensitivity is a necessary condition for gene expression,
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whereas a low level of DNA methylation might be necessary, but not a 
sufficient condition for gene expression in higher eukaryotes. In this 
article, we describe the relationship between DNase sensitivity and DNA 
methylation and gene expression in vivo for the /Lglobin genes in a case of 
Dutch y/?-thalassemia (van der Ploeg et al., 9), which has an expressed 
normal globin and a nonexpressed rearranged globin locus. We report 
here that the unexpressed /?-globin gene from the mutant chromosome, 
which is not expressed in cells that actively express the/Lglobin gene from 
their unaffected chromosome, is DNase I resistant and hypermethylated. 
Second, we address the issue as to which C residues must be methylated 
with respect to the human y-globin gene in order to inhibit globin gene 
expression.

We report here that methyl C residues from position —760 in the 5' 
flanking region to position +100 of the y-globin gene prevent transcrip
tion.

RESULTS

SEQUENCE ANALYSIS AND TRANSCRIPTION OF THE y/?-THALASSEMIA 
GLOBIN GENES

In a Dutch case of y/?-thalassemia (van der Ploeg et al., 9), one of the 
/Lglobin alleles is normal and expressed, whereas the second allele is not 
expressed. The nonexpressing locus contains the entire/Lglobin gene and 
its normal 5' and 3' flanking sequences, whereas the y- and d-globin genes 
are deleted (Fig. 1). Several possible explanations have been given for the 
inactivity of the /Lglobin gene in the abnormal locus; the thalassemia 
might be the result of a double mutation, i.e., the large deletion might be 
irrelevant, but a second mutation, near or in the /Lglobin gene, may 
render it inactive. Alternatively, the disease might be the result of an 
altered chromatin structure, either because regulatory sequences lying 
far from the /Lglobin gene are deleted or because the /?-globin has been 
juxtaposed to a chromatin structure that is incompatible with gene ex
pression in erythropoietic cells.

To distinguish between these possibilities, the /Lglobin genes from a 
Dutch y/?-thalassemic patient were isolated from a cosmid library (Gros- 
veld e ta l, 10). Three clones contained the mutant 4.2 kb EcoRl fragment, 
whereas a fourth clone contained the normal 5.2 kb EcoRI fragment, 
which contains the 5' end of the /Eglobin gene (Fig. 1). The Bglll frag
ments, containing the /?-globin gene from two of the cosmid recombinants 
(one normal, one mutant), were subcloned for DNA sequence analysis. The



P 6 3 72
£-TS//A j 1-55++- *06 *

3-7 4-15 165 0-4 72
-EZ4 P77}

2-3
1-6 270-6

TRANSLOCATED DNA

POPF

s P
V77% IV  7  J _

' 3 1 '2 :2T7‘ 5 2  3 6 ’ 3-2 ‘ 108 T f 5 6  ' 2 9 ‘■ ■■■ —<-------------------------------------------------------------------------------------------------1 cos5N
>------------1 Bgl D N Subclone in pBSV

end point of deletion D

................... r 2 9 1~ 4 ^ al 3 i r r3 i r '  108 'vT 5-6 ‘ 2-9 ‘ ~n -------------------------------------------------------------------------------------------------- 1 cos 5y P
i_______i Bg in Subclone in pBSV

i____________________ i Kpn y P Subclone in pBSV
u  j probe
i_i Area Sequenced to Define the End Point of the Deletion*

.NORMAL 
! CHROMOSOME

MUTANT
CHROMOSOME

Fig. 1. Physical map of the normal and y/?-thalassemic /?-globin region. Each map shows the position of the genes in relation to the EcoRI 
restriction map. The relevant clones (cos 6N and cos 5yfi) were isolated from a cosmid library constructed from blood DNA of a y/?-thalassemic 
patient and the cosmid vector pOPE The brackets underneath indicate the fragments that were subcloned in the expression vector pBSV and 
the location of the junction probe (j). The arrow indicates the deletion end-point in the affected locus.



II
 

11

A

Cvn I Cwil

68N'rg NORMAL END

964 >

646 >  
595 > 
472 >

392 >

j |
247  >  

197 >

f  ^  1200 NTD INPUT DMA PROBE

ua 05 05 O
k xs> V><? CB

C
mc

v> <n m (0 4- OO O O o oo
- +

o
—. 4* o

** +■
o

~ 4-
6 6

• <IP  H/S

<Hy9



DNA METHYLATION AND GLOBIN GENE EXPRESSION 43

three exons, the promoter regions, and all the exon-intron boundaries of 
each of the genes were sequenced by the method of Maxam and Gilbert 
(11). Both genes showed a sequence identical to that of a normal /?-globin 
gene in these regions, i.e., from a position 100 bp upstream of the cap site 
through the three coding segments to a position 50 bp downstream from 
the poly(A) addition site (data not shown). Consequently, these data ex
clude the possibility that a point mutation in the coding sequence is 
responsible for the thalassemic phenotype. It leaves the possibility that 
the gene is transcriptionally nonfunctional. To test this possibility, sub
clones of the /Lglobin genes were made in the transient expression vector 
pBSV (Grosveld et al., 12) and introduced into HeLa cells and the complete 
cosmids were introduced into MEL cells by CaP04 precipitation (Wigler 
et al., 13). The RNA from the HeLa cells and from the MEL cells (before 
and after globin induction with HMBA) were analyzed for the presence of 
/Lglobin mRNA using SI nuclease mapping (Weaver and Weissmann, 14). 
The following pBSV recombinants were constructed (Fig. 1):

1. A Bglll fragment from both the normal and the mutant chromosome 
that contains the /Lglobin gene and about 3 kb of flanking sequences was 
cloned in the BarnHI site of pBSV.

2. A 14 kb Kpnl fragment from the mutant chromosome was cloned 
into the Kpnl site of pBSV. This fragment contains additional flanking 
DNA in both 5' and 3' direction, including 2.5 kb of the sequences that 
have been juxtaposed to the 5' side of the /?-globin gene by the deletion. 
Insertion into the BamHI or Kpnl site of pBSV does not affect the effi-

Fig. 2. (A) Transient expression of the normal and yyS-thalassemic /?-globin gene in HeLa 
cells. The Bglll and Kpnl restriction fragments indicated in Fig. 1 were subcloned in the 
expression vector pBSV by standard procedures. 15 fig DNA from each of these subclones 
were mixed with 25 fig of salmon sperm DNA and used to transform half confluent 100 mm 
dishes of HeLa cells by the calcium phosphate method. After 16 hr the medium was 
changed; the cells were grown for 36 hr and collected; the RNA was isolated by the LiCl- 
urea method. The /?-globin present in the HeLa RNA was detected by SI mapping and 
end-labeled DNA probes. The lower part of the figure shows the 5' labeled 1200 nucleotide 
probe, which contains 68 nucleotides from the 5' end of the gene that are protected against 
SI nuclease digestion of the RNA-DNA hybrids. The panel shows the 5' end analysis of the 
subclones indicated in Fig. 1, plus two controls, a/?-globin subclone from normal DNA and in 
vivo produced mRNA from reticulocytes. The labeled marker in 0X174 X Rsal, and the 
numbers are the length of the marker fragments in nucleotides. (B) SI nuclease analysis of 
human /?-globin mRNA in MEL cell transformants. MEL cell transformants containing the 
cosmid cos HG yfi5 were grown in the presence (+ ) or absence (—) of 3 mm HMBA. The 
human /?-globin mRNA was detected by SI mapping essentially as described in Fig. 2A. The 
probe was a 3' yS-globin fragment illustrated in the bottom half of the panel.
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ciency of transcription. A fourth plasmid containing the Bglll )S-globin 
fragment from a normal individual was used as a control.

Figure 2A shows the protected fragments after SI nuclease digestion, 
when a 5' end labeled 1200 bp Cvnl probe from the 5' end of the fi-gene is 
used. In all cases, the same amount of a 68 bp fragment is protected which 
represents the 5' end of mature /Lglobin mRNA. Similar results are found 
when each of the splice junctions and the 3' end of the mRNA were 
analyzed. Again, no differences were found between mature /?-globin 
mRNA and the RNA of each of the transformants (data not shown). Fig. 2B 
shows the protected fragments after SI nuclease digestion when a 3' end 
labeled 700 bp EcoRI/Mspl probe from the 3' end of the /?-globin gene is 
used, for the analysis for the RNA from stable MEL cell transformants 
before and after induction. The levels of induction of the transfected 
mutant /?-globin gene (average 50-fold) are the same as the induction 
levels of a normal /?-globin gene in MEL cells (not shown, Flavell etal., 15). 
These results show that by these methods both the normal and the mutant 
gene from the patient are inducible and transcribed equally to give an 
mRNA indistinguishable from /7-globin mRNA from reticulocytes. In ad
dition, the levels of mRNA are the same for the /Lglobin genes from the 
“mutant” and normal chromosomes. Consequently, the transcription and 
sequence data indicate that the phenotype observed in the patient cannot 
be caused by a promoter defect, a “splice” mutation or a mutation in the 
coding sequence.

DNASE I SENSITIVITY AND METHYLATION OF THE yfi DNA SEQUENCE

Because transcriptional activity of a region of the genome has been 
associated with an increased sensitivity to DNase I (Weintraub and Grou- 
dine, 4) and a hypomethylation of the DNA (McGhee and Ginder, 6; 
Mandel and Chambon, 7; van der Ploeg and Flavell, 8), these assays were 
applied to the rearranged /?-globin locus. We tested the susceptibility to 
DNase I of fetal liver and fetal brain chromatin from a normal fetus and of 
fetal liver chromatin of a y/?-thalassemic fetus.

As expected, in the nuclei of normal fetal liver samples the y-globin 
genes (expressed genes) are very sensitive to DNase I. In contrast, 80% of 
the junction sequences (j probe; see Fig. 1) in the normal liver are still 
present when >  80% of the y-globin sequences have been digested. In 
normal fetal brain tissue, both sequences are resistant (not shown). When 
a y/?-thalassemic fetal liver sample is treated with DNase I, the normal 
locus shows a “sensitive” pattern for the normal /?- and d-globin genes, 
whereas the mutant locus /?-globin gene is resistant (Fig. 3, the 4.0 kb and 
2.2 kb bands versus the 4.2 kb band). This suggests that the “inactive”
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configuration of the junction sequences in normal erythropoietic tissue is 
transferred to the /?-globin gene in the mutant locus.

In addition to the DNase I sensitivity, the methylation patterns of the 
mutant and normal locus were analyzed, using the restriction enzymes 
Hpall and Mspl. H pall will not cleave the sequence CmCGG or mCmCGG, 
whereas Mspl will not cleave the sequence mCCGG or mCmCGG. Because 
most of the methylated C residues (mC) occur in the dinucleotide mCG, 
the difference in the cleavage pattern of these two enzymes provides a 
measure for the methylation of a particular region of the DNA. Southern 
blots of the DNA digests were hybridized to the same probes as in the 
DNase I experiments. Hybridization with a y-globin probe shows the ex
pected hypomethylation pattern for the fetal liver and the hypermethyla- 
tion pattern for fetal brain (van der Ploeg and Flavell, 8). This is consistent 
with the fact that active globin genes are hypomethylated in erythroid 
tissues. Figure 3 shows that hybridization of the /?-probe to the fetal liver 
DNA shows that the Hpall sites at the 3' side of the /Tglobin gene (there 
are no sites directly 5') are hypomethylated by the presence of a 20 kb 
Hpall fragment. In the brain, all of this signal has shifted to high molecu
lar weight DNA. Hybridization to the fetal liver DNA of the patient shows 
two complete digest bands with Mspl, an 11.0 kb band for the normal 
locus and a 4.7 kb band for the mutant locus (see maps in Fig. 3). A partial 
digest band of 5.3 kb is visible, which is probabily caused by the failure of 
Mspl to cut certain CmCGG sites (15a). The Hpall digest shows the normal 
20 kb band and a high molecular weight signal, indicating that the 3' 
/?-globin sites in the normal locus are hypomethylated. Hybridization 
with the junction probe shows the expected 0.6 kb Mspl digest band and a 
1.1 kb partial digest band (for the same reasons as described above). The 
Hpall digest of all the tissues examined fail to detect any low molecular 
weight band, indicating that the Mspl sites adjacent to the /Tglobin gene 
in the ^-thalassemia locus are methylated. This is confirmed by double 
digest experiments (data not shown).

We conclude that the mutant locus has become hypermethylated, 
which, as with the DNase I sensitivity assays, indicates that the mutant 
locus is present in a transcriptionally inactive state. These observations 
postulate a cis influence of sequences far from the /Tglobin gene. 
Whether the effect is exerted in this patient by the removal of regulating 
sequences or by the addition of actively suppressing sequences upstream 
from the /?-globin gene is presently unclear. Either possibility could block 
the normal progression of globin gene expression during normal erythro- 
poiesis or alter the ability of this chromosomal region to be expressed. 
Either way the net result is a position effect similar to those found in 
Drosophila.
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Fig. 3. (A) The DNase I sensitivity of the normal and the mutant /Tglobin genes. Nuclei
and DNA samples were isolated from an 18-week fetal liver of a y/?-thalassemic patient and 
treated essentially as described. The panel on the left shows the plot obtained from the 
complete blot, including lanes not shown in the panel on the right, which is the autoradio
graph of three lanes obtained with the 5.2 kb /1-globin probe (Fig. 1) and increasing concen
tration of DNase I. The numbers indicate the fragment length. (B) Methylation of the 
translocated and normal y/?-thalassemia locus. DNA was isolated from 18-weeks fetal liver of 
a normal and a y/?-thalassemic patient and brain of a normal 18 weeks fetus. 10 pg of DNA 
was digested with MspI or Hpall, electrophoresed through a 0.5% agarose gel and blotted. 
The filters were hybridized to a 0.6 kb 3' y-globin fragment, a 5.2 kb 5' /Tglobin fragment, 
and a 0.8 kb junction probe. The numbers indicate the fragment size of a A-X- 
H indlll marker. The control lanes contained 10 pg of mouse DNA mixed in with 1 ng of 
cosmid DNA.

IN VITRO  GENE METHYLATION

To test the direct relationship between methylation and gene expres
sion, we used an in vitro methylation technique developed by Stein et al. 
(16). They showed that hemimethylated DNA can be synthesized in vitro 
using 5-methyldeoxycytidine (5-methyl dCTP) and the three other stan
dard deoxynucleotide triphosphates.



DNA METHYLATION AND GLOBIN GENE EXPRESSION 47

B g Probe p Probe j Probe

OT<

^
mI mhm a

• * * * » V: 
#*  i

6.662
4,422

■  2,320 
- 2,002

~2a465
-  9,536

-  6.662

-  4,422

2,320
2,002

560
2,320
2,002

560

Msp I sites in the normal ^ S p  locus MspI sites around the junction 
point of the deletion in gP thalassemia

I  S it p
I ! I II 1 I I I I I

M  4 -9  t-»JvS 15  * . J  110 K M

g probe u  p  probe t_____ i

M MM M M  M...1,1,1 I—I—L,

I I I• ) f.o-s a-* *-t
I J I

Fig. 3. Continued

The resulting DNA molecules contain in the newly synthesized DNA 
strand only methyl-C residues, while the template strand remains unmo
dified. W hen introduced into mouse L cells, the template strand of this 
hemimethylated DNA is methylated by cellular methyltransferases at 
most or all of their recognition sites, that is, predominantly at CpG resi
dues (Stein et al., 17). The methylation pattern, which is thereby estab
lished, is inherited from one cell generation to the next and can be studied 
in the DNA of stable transformants by restriction and Southern blot analy
sis.

To study the effect of DNA methylation on globin gene expression, we 
have modified this approach as shown in Fig. 4. The human y-globin gene 
and some 1340 bp of its 5' flanking region have been cloned in both 
orientations into the replicative form (RF) of M13mp8 (Messing and
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Fig. 4. Procedure used to study the effect of DNA methylation on globin gene expres
sion. The restriction enzyme used for M13 cloning is denoted by X, i.e., H indlll for the 
human y-globin gene and PstI for the /?-globin gene. The plus strand of the recombinant
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Vieira, 18) to give recombinants Myl and My2. Single-stranded DNA of 
Myl and My2 was converted into double-stranded DNA by E. coli DNA 
polymerase I, dATP, dGTP, dTTP, and 5-methyl dCTP instead of normal 
dCTP. This hemimethylated DNA was introduced into mouse L cells by 
co-transformation with the Herpes Simplex Virus (HSV) thymidine ki
nase (tk) gene as a selective marker. The transformed tk-positive cells 
were then analyzed by Southern blotting for the inheritance of methyl-C 
residues in the integrated y-globin gene and by SI mapping for the pres
ence of globin gene transcripts. In order to have an internal positive 
control for globin gene transcription in these cells, we have introduced 
the unmethylated human /?-globin gene, also cloned on M13 (M/?l) to
gether with the methylated y-globin gene into the same L cells.

This in vitro methylation technique has the following advantage over 
direct in vitro methylation with bacterial or eukaryotic methylases. First, 
it allows us to methylate all and not only a few of the CpG residues in the 
y-globin gene. Second, and more importantly, segmental methylation pat
terns can be generated by using DNA primers of different length and map 
position for the synthesis of hemimethylated DNA by the large fragment 
of E. coli DNA polymerase I (Klenow polymerase). Since mC residues are 
only introduced into newly synthesized DNA, the primer region stays 
unmethylated on both DNA strands and remains so even in the L cell, 
which has little or no de novo methylase activity (Pollack et al., 19).

METHYLATION IN THE 5' REGION OF THE /LGLOBIN GENE SUPPRESSES 
TRANSCRIPTION

We have synthesized a number of different hemimethylated M13-y-glo- 
bin molecules with different primers (Fig. 5) in the following manner:

1. Using a short M13-specific DNA primer (SP.6), we first synthesized 
Myl DNA, which was totally hemimethylated in both the globin and M13 
sequences. Transformation of L cells with this DNA lead to the isolation of 
four different cell clones M1-M4.

2. Using the HmdIII insert of the y-globin gene as a primer (A, Fig. 5),

phages Myl and M/?l contains the anticoding DNA strand of the y- and /Lglobin gene, 
whereas phage My2 contains the coding strand of the y-globin gene. Hemimethylated DNA 
was synthesized and introduced into mouse L cells as described by Stein et al. (16). Trans
formed tUpositive cells were analyzed by Southern blotting for the inheritance of DNA 
methylation in the integrated globin gene and by SI mapping for the presence of globin gene 
transcripts.



50 E G. GROSVELD et al.

H/ndU) Acc I Bgl 1 H/ndffl1-1350' (-7601 (-100) Ay (-1950'______|________ 5̂  ^
(-11 (-1570)

C pG -m ap ■![•■{—r—H—'---——  -------- -—— 1 f—------------ 1--- ’----!------ h------ ---------- H----— HH
expression

U 1 -U 3  --------------------------------------------------------------------------------------------------------------------------------------------------------------- +
M 1 -M 4  ------------------------------ — -------------------- ~ ~ —  -----------------------------------------------------------------------------------— —  —

A 1 /A 2  --------------------------------------------------------------------------------------------------------------------------------------------------------------- +

B 1 /B 2  ----------------— —  ----------—-------- —------------------ ----------------------------------------------------------------------------------------- +
C 1 /C 2  ------------------------------------------------------------------------------- —------------------------------------— --------- --------- ---------------- -

D1 / 02 --1--- ----—------------------------------------- ---- ----------  -
Fig. 5. Summary of the various methylation patterns and their influence on y-globin 

gene expression. The data for the CpG map are taken from Slightom etal. (20, from position 
— 56 to +1410), from Shen et al. (21, remaining y-globin gene DNA sequences), and from van 
Wezenbeek et al. (22, M13 DNA sequences). Thick bars indicate multiple CpG sites. The 
asterisk denotes the position of the DNA sequence consisting of a run of 5 CpG dinucleo
tides. Unmodified DNA seqences are shown as straight lines, whereas methylated DNA 
regions are indicated as wavy lines. The abbreviations for the cell clones analyzed are shown 
to the right.

an Myl DNA was synthesized that is only hemimethylated in the M13 
sequences. Two cell clones Al and A2 were isolated for further analysis.

3. A Hmdlll/BgZlI DNA fragment (primer B) was used to synthesize an 
Myl DNA; this is only hemimethylated downstream from position +100  in 
the structural gene and the M13 sequences. Two cell clones B1 and B2 
were isolated for further analysis.

4. The reciprocal experiment to number 2 was done by using a Bgll 
fragment as a primer (C, Fig. 5). This results in a molecule which has the 5' 
flanking sequences from —1350 to —100 and the M13 vector hemi
methylated, but leaves the structural gene unmethylated. Two clones Cl 
and C2 were analyzed.

5. Finally, a f/mdIII-AccI fragment was used, which results in a 
completely methylated Myl except the sequences between —1350 
(Hindlll) and — 760 (AccI). Two clones D1 and D2 were analyzed.

As a control three cell clones (U1-U3) were isolated that were trans
fected with completely unmethylated Ayl. Southern blot analysis of all the 
clones showed that inheritance of the methyl groups is almost 100% at the 
four Hhal and two Hpall sites of the y-globin genes as methylated DNA is 
resistant to Hhal and Hpall cleavage. RNA from all of these cell clones was 
assayed for the presence of y- and /?-globin mRNA by SI mapping using 5' 
or 3' specific probes (Figs. 6 and 7). All of the isolated cell clones ex
pressed the control /?-globin gene (Figs. 6 and 7; data not shown). The fact 
that the cell clones U 1-U3 and Al, A2, but not M1-M4 express the
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Fig. 6. Globin gene expression. Total RNA from cell clones Ul, Bl, and B2 was analyzed 
by SI mapping. RNA from L cells was used as a control (land L) and labeled pAT153 DNA 
digested with H in il as size marker (lane S).
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Fig. 7. Globin gene expression. Total RNA from cell clones U1 (containing unmethy

lated y-globin genes), M2 (containing fully methylated y-globin genes), Cl, and C2 was 
analyzed by SI mapping with the two DNA probes shown in the bottom part as arrows below 
the map of the respective globin gene. Labeled pAT153 DNA digested with H int I ws used as 
a size marker (lane S).
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y-globin gene (Fig. 5; data not shown) shows that methylation of the CpG 
residues (M1-M4) of the human y-globin DNA and its flanking DNA 
sequences is sufficient to suppress globin gene transcription in L cells. 
The fact that A1 and A3 express the y-globin gene excludes the possibility 
that the mere presence of many methyl-C residues anywhere would be 
sufficient for suppression but that the effect is localized within the y-glo- 
bin H indlll insert.

The analysis of the cell clones Bl, B2 (Fig. 6, positive for y-mRNA) and 
Cl, C2 (Fig. 7, negative for y-mRNA) shows that the suppressive effect of 
DNA methylation is localized in the 5' region of the gene and that tran
scription can proceed through a methylated y-globin gene. Cell clones Dl, 
D2 negative y-mRNA; data not shown) excludes that the sequences far 
upstream from the promoter are important, and we conclude from all 
experiments together (Fig. 5) that the methyl-C residues in the DNA 
sequences from position —760 to +100 of the y-globin gene prevent 
globin transcription, whereas methyl-C in the DNA sequences further 
upstream (—1350 to —760) or in the structural gene and 3' coding se
quences (+ 100  to +1950) have no effect on globin gene expression. 
There are 11 CpG dinucleotides in the DNA sequence from —760 to 
+100 (Fig. 5), and some or all of these may be involved in the suppression 
of transcription. The effect of the methyl-C residues could be to alter 
DNA-protein interactions within the y-globin gene promoter. However, 
we have not established this yet and further experiments will be neces
sary to determine precisely which methyl-CpG sites in the 5' region of the 
y-globin gene suppress transcription in vivo.

SUMMARY

We have studied the effect of chromatin structure on human globin 
gene expression. First, we have shown that the /?-globin gene present on 
the chromosome that carries the yyd-globin gene deletion in a Dutch 
/?d-thalassemic patient is identical to the normal /?-globin gene with re
spect to DNA sequence and its transcription in HeLa cells and Friend 
cells. However, studies of DNase I sensitivity and the extent of DNA 
methylation shows that the affected /?-globin gene is in an inactive config
uration in vivo. Second, we have used an in vitro methylation technique to 
study the expression of the y-globin gene in mouse L cells. The data 
indicate that DNA methylation in the 5' region of the gene might play a 
direct role in the regulation of expression.
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ABSTRACT
M spl e s s e n t i a l l y  f a i l s  to cu t the sequ en ce GGC CGG a t enzyme co n cen tra 

t io n s  which g iv e  t o t a l  d ig e s t io n  o f CCGG, Ĉ ĈGG and GGCCGG s i t e s .  This 
r e s u l t  e x p la in s  why c e r t a in  s i t e s  in  mammalian DNA are r e s i s t a n t  to  both  Mspl  
and H p all and shows th a t  t h i s  r e s u l t s  from an id io sy n c h r a c y  o f  Mspl  ra th e r  
than a n o v e l form  o f  DNA m e th y la t io n  a t  t h i s  s i t e  in  mammalian c e l l s .

INTRODUCTION

The a n a ly s is  o f  DNA m e th y la tio n  in  e u k a r y o tic  c e l l s  has been g r e a t ly  

a id ed  by th e  u se  o f r e s t r i c t i o n  enzymes which are s e n s i t i v e  to  th e  p resen ce  

o f  5 m eth yl C y to s in e  (mC) r e s id u e s  in  t h e ir  r e c o g n it io n  s i t e .  Thus, Bird and 

Southern (1 ) showed th a t  Hhal (GCGC) and H p all (CCGG) would n o t c u t  Xenopus 

rDNA i f  th e  in t e r n a l  C r e s id u e  was m eth y la ted  and th a t  som e, but n o t a l l  o f  

th e se  s i t e s  were m eth y la ted  in  genom ic rDNA. The f a i lu r e  o f  th e se  enzymes 

to  c u t  a t  a g iv e n  s i t e  in d ic a te d  th e  p r e se n c e  o f  mC in  th a t  sequ en ce or the  

a b sen ce  o f  th a t  s i t e  in  th e  DNA b ecau se  o f a polym orphic d i f f e r e n c e  in  

prim ary DNA se q u en ce . I t  became e a s ie r  to  d is c r im in a te  between th e se  two 

p o s s i b i l i t i e s  fo r  CCGG s i t e s  when W aalwijk and F la v e l l  (2 ) showed th a t  Mspl  

w ould cu t a t  CCGG, i r r e s p e c t iv e  o f mC a t  th e  in t e r n a l  C r e s id u e ;  M spl c o u ld , 

t h e r e f o r e ,  be  used  to  show th e  p r e se n c e  o f  th a t  s i t e  and Hpall  to  d ia g n o se  

th e  p r e se n c e  o f mC r e s id u e s .

An app arent e x c e p t io n  to  t h i s  r u le  was f o r t u i t o u s ly  observed  in  a stu dy  

o f  th e  m e th y la t io n  o f  the human p -r e la t e d  g lo b in  genes ( 3 ) .  They showed th a t  

Mspl  f a i l e d  to  cu t a t  two CCGG s i t e s  p r e se n t  in  the 5' f la n k in g  r e g io n s  o f th e  

Gy- and A y -g lo b in  g e n e s ,  r e s p e c t iv e ly .  S in ce  t h i s  s i t e  was cut a f t e r  c lo n in g  

the y -g lo b in  DNA in  a phage v e c to r  ( 4 ) ,  t h i s  e f f e c t  had to  be e x p la in ed  by 

m o d if ic a t io n  o f  th e  DNA in  human c e l l s .  F urtherm ore, s in c e  i t  was shown (5) 

th a t  Mspl  cou ld  n o t cu t th e  sequ en ce mCCGG, i t  was su g g es ted  th a t  th e  s i t e s  

in  th e  human y - g lo b in  genes were m o d ified  a t  th e  e x te r n a l  C r e s id u e  (3 , 4 ) .  

O thers have a l s o  n o ted  such s i t e s  ( 8 ) .  An a l t e r n a t iv e  e x p la n a t io n  would b e ,
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how ever, th a t  th o se  e x c e p t io n a l MspI s i t e s  are  a su b se t  o f  the CCGG s i t e s  

which are uncut when m eth y la ted  a t  the in t e r n a l  C r e s id u e  as a r e s u l t  o f some 

unique p ro p er ty  o f  th a t  s i t e .  We show h ere  th a t  th e se  unique s i t e s  have the  

consensus sequence GGCCGG and th a t  when th e  in t e r n a l  C r e s id u e  i s  m eth y la ted  

(GGCmCGG) MspI cu ts t h i s  s i t e  w ith  g r e a t  d i f f i c u l t y .  That MspI does n o t  cu t  

a t  th e se  s i t e s  i s  th e r e fo r e  an i n t e r e s t in g  e n zy m o lo g ica l a r t e f a c t  and does  

n o t n e c e s s a r i ly  in d ic a te  mCmCGG s i t e s  in  mammalian DNA.

MATERIALS AND METHODS 

Enzymes and rea g e n ts

R e s t r ic t io n  enzym es, E. c o l i  DNA p o ly m e r a se l, Hpal l  m eth y lase  and T4
. 12 DNA l ig a s e  were purchased from N .E .B io  L abs. a -  P-dATP (3000Ci/mMol) and

32
a -  P-dCTP (300 C i/nM ol) was from the R a d ioch em ica l C en tre , Amersham, 5 -m eth y l 

dCTP from P-L B io ch em ic a ls , dATP, dCTP, dTTP from B oehringer Mannheim and 

d e x tr a n s u lfa te  from Pharm acia.

M13 c lo n in g  and in  v i t r o  DNA m e th y la t io n

The human A y -g lo b in  gene was i s o l a t e d  on a 3300bp long HindI I I  fragm ent 

from  cosm id c lo n e  H325 (9) and l ig a t e d  in t o  the H in d ll l  s i t e  o f  the r e p l i c a 

t i v e  form o f  phage M13mp8 (1 0 ) .  The human a l - g lo b in  gene was in s e r t e d  in t o  

M13mp8 as a 1500bp long  P s t I fragm ent i s o la t e d  from DNA c lo n e  pRBal (1 1 ) .

These l ig a t e d  DNAs were used to  t r a n s f e c t  E .c o l i  JM103 and s in g le  s tra n d ed  

DNA o f  the recom binant phages named Myl and M ai, r e s p e c t iv e ly ,  was i s o l a t e d  

acco rd in g  to  M essing and V ie ir a  ( 1 0 ) .  These phage DNAs were used as tem

p la t e s  fo r  the in  v i t r o  s y n th e s is  o f  h em im eth ylated  DNA e s s e n t i a l l y  as  

d e sc r ib e d  by S te in  e t  a l . (6 ) (F ig . 1 ) .  An M 1 3 -s p e c if ic  DNA prim er (SP16) 

was h ea t-d en a tu red  and added to  a r e a c t io n  m ixtu re  (1 0 0 p l)  c o n ta in in g  2pg o f  

s in g le  stran d ed  phage DNA, 66mM T ris-H C l (p H 7 .5 ), 6.6nMMgC12, lOniM d i t h i o -  

t h r e i t o l  and 50jJM each o f  rATP, dATP, dGTP, dTTP and 5 m ethyl dCTP (5 -m e th y l-  

d e o x y c y t id in e -5 ’ - t r ip h o s p h a t e ) . The com plem entary s tr a n d  was s y n th e s iz e d  

a t  30°C fo r  lh r .  w ith  E .c o l i  DNA p o ly m era se l (25 u n i t s )  in  the p r e se n c e  o f  

T4 DNA l ig a s e  (400 u n i t s ) .  The DNA was then e x tr a c te d  w ith  ph enol and

sep a ra ted  on a 0.8% lo w -m eltin g  a g a ro se  g e l  in  th e  p r esen ce  o f  EtBr ( 0 .5 p l /  

m l) . The c o v a le n t ly  c lo s e d  c ir c u la r  DNA m o le c u le s  were i s o la t e d  from th e  

aga ro se  by phenol e x t r a c t io n  and e th a n o l p r e c ip i t a t io n  and used d i r e c t ly  fo r  

tra n sfo rm a tio n  o f  L - c e l l s .  M eth y la t io n  o f  DNA w ith  H pall m eth y la se  was p er

formed a cco rd in g  to  the in s t r u c t io n s  o f  th e  m anufacturer (N .E . B io la b s )  and 

m e th y la tio n  w ith  B a c il lu s  phage m eth y la se  e s s e n t i a l  as in  J en tsch  e t  a l . ( 5 ) .  

Under the c o n d it io n s  used ( lh r .  in c u b a tio n )  o n ly  th e  o u ter  C r e s id u e  o f  CCGG
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Human GlobinGene

stable transformants (tk+)

I
analysis of methylation pattern 

of integrated globin genes 
with Msp I and HpaII

F ig .  1 . P rocedure u sed  to  stu d y  the in h e r ita n c e  o f DNA m e th y la t io n .
X d e n o te s  the r e s t r i c t i o n  enzyme used fo r  M13 c lo n in g , i . e .  P s t I fo r  the  

a l - g lo b in  gene and H in d l l l  fo r  th e  A y -g lo b in  gene; the r e s u l t in g  phages are  
named Mai and M yl, r e s p e c t iv e ly .  For e x p e r im en ta l d e t a i l s  se e  Methods s e c t io n .

i s  m e th y la te d . T h is w i l l  be d e sc r ib e d  in  d e t a i l  e lsew h ere  (U. G unthert et  ̂

a l . ,  in  p r e p a r a t io n ) .

C e l l  C u ltu re  and T ransform ation

Ltk mouse c e l l s  o b ta in ed  from R. A xel were m ain ta ined  in  D u lb e c c o 's  

m o d ified  E a g le 's  (DME) medium supplem ented w ith  5% new born c a l f  serum . These 

c e l l s  were transform ed  w ith  th e  p lasm id  pTKLM176 which c o n ta in s  the gene o f  

h erp es s im p le x  v ir u s  type I in s e r t e d  in t o  pBR322 (T. Lund and A. M e llo r ,  un

p u b lish e d  d a t a ) . 40ng o f  pTKLM16 DNA, to g e th e r  w ith  100-200ng o f  hem im ethy- 

la t e d  Mai DNA and 20fig o f  salm on sperm DNA were added as ca lc iu m  phosphate  

c o p r e c ip i t a t e  to  each  p e t r i  d ish  c o n ta in in g  10^ L - c e l l s .  In some experim ents
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unm ethylated  r e p l i c a t i v e  form DNA of Mai or Myl were used  as co tra n sfo rm in g  

DNAs in s te a d  o f  hem im ethylated  DNA. Transform ants ( tk +) were s e l e c t e d  in  

DME medium supplem ented w ith  5% new born c a l f  serum and h y p o x a n th in e , am inop- 

t e r in  and thym idine (HAT). In d iv id u a l c o lo n ie s  were p icked  and grown in t o  

mass c u l t u r e s .

R e s t r ic t io n  and H y b r id iz a tio n  A n a ly s is

DNA o f  transform ed c e l l s  was i s o la t e d  as d e sc r ib e d  by S te in  e t  a l . ,  (6 ) .  

10-50ng DNA was d ig e s te d  w ith  a 5 to  10 fo ld  e x c e s s  o f  r e s t r i c t i o n  en d o n u c le 

a se  in  th e  b u f fe r  recommended by th e  s u p p lie r s .  A fte r  a d d it io n  o f the  

enzym e, a sam ple (0 .5 g g )  o f  the DNA d ig e s t  was removed and in cu b a ted  w ith  

0 .5 n g  o f phage ADNA, which a llo w ed  us to  m onitor the d ig e s t io n .  DNA fr a g 

m ents were e le c tr o p h o r e se d  on 1% or 1.5% aga ro se  g e ls  in  Loening E b u f f e r  and 

then b lo t t e d  onto  n i t r o c e l l u lo s e  f i l t e r s .  The f i l t e r  s t r i p s  were h y b r id iz e d  

o v e rn ig h t a t  65°C to  " ^ P -la b e lle d  A y -g lo b in , a l - g lo b in  or M13 DNA probes in  

2 X SSC, 10% d extran  s u l f a t e ,  0.1% SDS, and 10 X D en h ard t's s o lu t io n  c o n ta in 

in g  20pg/m l o f sh eared  mouse l i v e r  DNA. P o s t -h y b r id iz a t io n  washes were  

c a r r ie d  out a t  65°C in  1 X SSC, 0.1% SDS (M13 DNA p rob es) or in  0 .1  X SSC, 

0.1% SDS (g lo b in  DNA p ro b es) fo r  1-2  h r s . A l l  DNA probes were la b e l le d  by
on n n g

n ic k - t r a n s la t io n  w ith  a -  P-dATP or a -  P-dCTP to  a s p e c i f i c  a c t i v i t y  o f  10 

cpm /pg. Complete d ig e s t io n  w ith  the m e th y la t io n - s e n s i t iv e  enzymes MspI and 

Hpal l  was c o n tr o lle d  by add ing a sm a ll amount o f  ADNA as in t e r n a l  c o n tr o l  to  

the d ig e s t io n  m ix tu r e . The r e s t r i c t i o n  p a tte r n  o f t h i s  ADNA was made 

v i s i b l e  by h y b r id iz a t io n  o f  n ic k - t r a n s la t e d  ADNA to  the b lo t s  p r e v io u s ly  

h y b r id iz e d  w ith  g lo b in  o f  M13 DNA p ro b es .

RESULTS AND DISCUSSION

MspI does n o t cu t c e r t a in  CCGG s i t e s  in  m eth y la ted  human g lo b in  gen es

To determ ine w hether the MspI r e s i s t a n t  c le a v a g e  s i t e s  have a s p e c i f i c  

DNA se q u en ce , we c a r r ie d  o u t a sea rch  fo r  such s i t e s  in  the human a -  and y -  

g lo b in  genes and in  th e  M13 v i r a l  c lo n in g  v e c t o r .  The two g lo b in  g en es  were 

c lo n ed  in t o  M13 and th e  s in g le  stran d ed  DNA o f  th e  recom binant phages (Mai 

and M yl) was used as tem p la te  fo r  DNA s y n t h e s is  u s in g  DNA p o ly m e r a se l, a 

sh o r t  o l ig o n u c le o t id e  as prim er and as s u b s t r a t e s  dATP, TTP, dGTP and dmCTP 

in s te a d  o f normal dCTP. In  t h i s  way, a d u p lex  DNA m eth y la ted  in  one stra n d  

i s  produced . S te in  e t  a l . (6) showed th a t  the unm ethylated  tem p la te  stra n d  

o f  t h i s  hem im ethylated  DNA i s  m eth y la ted  in  v iv o  when t h i s  DNA i s  in tr o d u c e d  

in t o  L c e l l s  by DNA m ed ia ted  gene t r a n s f e r .  The m eth y la ted  r e s id u e s  are  

predom inantly  or e x c lu s iv e ly  a t  mCpG se q u e n c e s . The m e th y la t io n  p a t te r n
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My1 clonel clone 2 clone 3 clone 4
Hd Hd HdHdHd HdHdHd HdHdHd H d H d H d+ + + + + + + + +

Ms HpMs HpMs HpMs Hp Ms

1 2 9 0  bp -► m  m m

H/ndlD
L

Msp 1 
Hpa II 1290

5V' A y-G LO B IN  GENE ,3 ’ Hin din

-1860- 150
-3150-

F ig . 2. MspI does no t cu t the 5 ' CCGG s i t e  of the Ay-globin gene.
High m olecular weight DNA of L -c e lls  transform ed w ith unmethylated (clone 

1) or hemimethylated (clones 2, 3, 4) Myl DNA was d ig ested  w ith the r e s t r i c 
tio n  enzymes in d ic a te d : Hindl l l  (Hd), Hpal l  (Hp) and MspI (Ms). DNA fra g 
ments were e lec tro p h o resed  on a 1% agarose g e l ,  t r a n s fe rre d  to  n i tro c e llu lo s e  
and hybrid ized  to  the n ic k - tra n s la te d  3300bp H in d lll fragment of the Ay-globin 
gene. Myl denotes the M13 clone contain ing  the y-g lob in  Hindl l l  in s e r t  and 
was used as a s iz e  m arker. The re le v a n t r e s t r i c t io n  map of the y-globin  
gene is  shown in  the bottom p a r t  w ith the s iz e s  of the corresponding r e s t r i c 
tio n  fragments in d ic a te d .
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th ereb y  e s t a b l i s h e d  i s  in h e r it e d  f a i t h f u l l y  from one c e l l  g e n e ra tio n  to  the  

n e x t  and can th e r e fo r e  be s tu d ie d  in  transform ed c e l l  l i n e s .  DNA from L 

c e l l s  (c lo n e  2 ,  3 , 4) tr a n s fe c te d  w ith  hem im ethylated  Myl DNA was c le a v e d  

w ith  Hindl l l  ( to  r e le a s e  th e  human DNA in s e r t  from th e  v e c t o r ( ,  HindI I I  p lu s  

H pall  or H in d l l l  p lu s  MspI (F ig . 2 ) .  As e x p e c te d , the two CCGG s i t e s  

p r e se n t  on t h is  fragm ent are uncut by H p a ll, showing th a t both  s i t e s  are  

m eth y la ted  a t the in t e r n a l  C r e s id u e s  o f  th e  CCGG s i t e .  MspI c le a v e s  the

CCGG s i t e  p r e se n t  on the 3' s id e  o f  th e  y -g lo b in  g e n e , bu t f a i l s  to  c u t the  

s i t e  to  th e  5' s id e  o f  the g en e , r e s u l t in g  in  a DNA fragm ent o f  3150bp (F ig .

2 ) .  S in ce  the same s i t e  i s  uncut (3 )  in  human DNA from m ost t i s s u e s  (F ig .

2 ) ,  i t  fo l lo w s  th a t  th e  ' in h e r i t a n c e '  o f  t h i s  type o f m o d if ic a t io n  in  t h i s  

tr a n sfo r m a tio n  system  i s  s im ila r  to  th a t  o f  o th e r  mCpG's and th a t  we can use  

t h i s  method to  f in d  o th e r  such s i t e s .  When unm ethylated  y -g lo b in  DNA was 

used in  the tra n sfo rm a tio n s  (c lo n e  1 ) ,  bo th  CCGG s i t e s  were cu t w ith  MspI 

and H pall .

We n e x t  checked th e  c lo n ed  human a - g lo b in  gene (Mai) fo r  CCGG s i t e s  

uncut by MspI .  One such s i t e  was d e te c te d  (number 16 in  F ig . 3 ) .  DNAfrom 

transform ed L c e l l s  was cu t w ith  P s t I  ( to  r e le a s e  the 1.5kb a - g lo b in  DNA in 

s e r t )  and e i t h e r  H pall or M spI. D ig e s t io n  w ith  Hpal l  shows e s s e n t i a l l y  no 

c le a v a g e  o f  th e  P s t I fragm ent in  DNA from c e l l s  (c lo n e s  6 ,  7 , 8) transform ed  

w ith  hem im ethylated  a -g lo b in  g e n e s ,  a lth o u g h  t o t a l  c le a v a g e  o f t h i s  fragm ent 

was o b ta in ed  w ith  DNA fo r  c e l l  l in e s  transform ed w ith  unm ethylated  a -g lo b in  

DNA (c lo n e  5 ) .  A l l  16 CCGG s i t e s  th e r e fo r e  r e t a in  the in te r n a l  mC r e s id u e .  

S in ce  th ere  are so  many CCGG s i t e s  in  the P s t I fragm ent c lo n ed  in  M ai, 

c le a v a g e  w ith  MspI y i e ld s  sm a ll fr a g m e n ts , m ost o f  which run o f f  the g e l  show

in g  in  F ig .  3 . However, two MspI  fragm ents can be seen  o f  490bp and 460bp, 

r e s p e c t iv e ly .  The l a t t e r  fragm ent r e s u l t s  from c le a v a g e  a t s i t e  16. This 

s i t e  i s  p a r t i a l l y  r e s i s t a n t  to  MspI d ig e s t io n  r e s u l t in g  in  the la r g e r  490bp 

fragm ent. D ig e s t io n  o f DNA from unm eth ylated  a -g lo b in  DNA ( e i t h e r  c lo n ed  

DNA or  DNA from tr a n s fe c te d  c e l l s )  g iv e s  o n ly  the 460bp fragm ent. That the  

d if f e r e n c e  betx^een m eth y la ted  and unm eth ylated  DNA i s  r e a l  i s  shown by m ix in g  

c lo n ed  a -g lo b in  DNA w ith  the DNA from  the L c e l l s  t r a n s fe c te d  w ith  hem im ethy

la te d  a -g lo b in  g e n e s . Here two p o o r ly  r e s o lv e d  bands are found in s te a d  o f  a 

s in g le  band (F ig . 3 ) .

M13 DNA a ls o  c o n ta in s  M s p l- r e s is t a n t  CCGG S i t e s

F in a l ly ,  we screen ed  M13 v e c to r  DNA fo r  CCGG s i t e s  w hich are  r e s i s t a n t  

to  c le a v a g e  by MspI .  Two such s i t e s  are  found a t r e s id u e s  2552 and 7 0 07 , r e s 

p e c t iv e ly .  To do t h i s  we p u r i f i e d  th e  818bp DNA fragm ent w hich f la n k s  the
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Mai clpne_5 clone 6 clone 7 clone 8 Ma1
P P P P P P P P P P P  P P P P P+ + +  + + + +  + + + +Ms HpMs HpMs HpMs HpMsMsMs

a  b C

1500 bp-»» 4 ft m

490 bpw
460 bp—  •  •  *  •  ^  .

Psll 5 ' a .  -GLOBIN GENE 3' Psll
J__________J____l___________U

Hpa II 
Msp I

1 2  3 4 5  6 7891011 121314 1516
+ +- 4 H I----- H i l l -------- HH------------- ' 'i"  I jq  ' T

F i g .  3. C le a v a g e  i n  t h e  human a l - g l o b i n  gene  w i t h  MspI .
High m o l e c u l a r  w e ig h t  DNA o f  L - c e l l s  t r a n s f o r m e d  w i t h  u n m e th y la te d  (c lo n e  

5) o r  h e m im e th y la t e d  ( c lo n e  6 ,  7,  8) Mai DNA was d i g e s t e d  w i t h  t h e  r e s t r i c t i o n  
enzymes i n d i c a t e d :  P s t I  (P ) ,  H p a l l  (Hp) and MspI  (Ms). DNA f ra g m e n ts  were
s e p a r a t e d  on 1.5% a g a r o s e ,  t r a n s f e r r e d  to  n i t r o c e l l u l o s e  and h y b r i d i z e d  to  
th e  n i c k - t r a n s l a t e d  1500bp long  P s t l  f r a g m e n t  o f  th e  a - g l o b i n  g en e .  Mai,  
t h e  M13 r e c o m b in a n t  c o n t a i n i n g  th e  a - g l o b i n  P s t I  i n s e r t ,  was u sed  as  a s i z e  
m a rk e r .  The Hpal l  r e s t r i c t i o n  map of th e  a - g l o b i n  g e n e ,  shown i n  t h e  b o t to m  
p a r t ,  was d e te r m in e d  by  p a r t i a l  r e s t r i c t i o n  mapping o f  t h e  c lo n e d  P s t I  f r a g 
m en t .  The Hpal l  s i t e s  a r e  numbered from l e f t  t o  r i g h t  w i t h  th e  s i z e  of th e  
l a r g e s t  r e s t r i c t i o n  f r a g m e n t  i n d i c a t e d .  I n  one c a s e  ( c lo n e  8) we added MspI 
d i g e s t e d  c lo n e d  Mai t o  th e  c u t  L c e l l  DNA ( i n  l a n e  b) to  show th e  r e s o l u t i o n  
o f  th e  two b a n d s .
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H paD Msp I HaeID H paD Msp I HaeUl
2 ^ M y i ^M y l 4 4~Myi 4~Myl

J l

2 527bp -^

9 74bp -^
818bp -^

hybridization probe

Msp I Msp I Msp I
2396 2552 3370M13 -----------1------H ---------- 818---------- H—

---------------- 974---------- ►

Hae HI /-/aein HaelH
2245 2554 5081M13 ------- 1--------- H ------------2527--------------- ih— H ------------------------ 2836----------------it------

F i g .  4. F a i l u r e  of  MspI  t o  c u t  a CCGG s i t e  o f  phage M13.
DNA from L c e l l s  t r a n s f o r m e d  w i t h  h e m im e th y la te d  Myl ( c lo n e s  2 and 4 of 

F i g .  2) was c u t  w i t h  H p a l l ,  MspI o r  H a e l l l ,  e l e c t r o p h o r e s e d  on an a g a r o s e  g e l  
and  h y b r i d i z e d  to  t h e  818bp MspI f r a g m e n t  shown i n  th e  scheme.

s i t e  a t  r e s i d u e  2552 from  M13 RF DNA and used t h i s  as  a p ro b e  i n  o u r  S o u th e rn  

b l o t s  of DNA from  L c e l l s  t r a n s f o r m e d  w i t h  h e m im e th y la te d  Myl DNA ( c lo n e s  2 

and 4 ) .  The 818bp f r a g m e n t  i s  however  n o t  se e n  upon MspI c l e a v a g e .  I n s t e a d ,  

a f rag m e n t  o f  a b o u t  970bp i s  se e n  w h ich  r e s u l t s  from th e  f a i l u r e  of  MspI to  

c u t  a t  s i t e  2552 ( F ig .  4 ) .  We have  p e r fo rm e d  th e  s i m i l a r  e x p e r i m e n t s  w i th  

t h e  MspI s i t e  a t  r e s i d u e  7007 w i t h  i d e n t i c a l  r e s u l t s  (n o t  sh o w n ) .

We have  a l i g n e d  th e  DNA se q u e n c e s  o f  t h e  f o u r  M s p I - r e s i s t a n t  s i t e s  i n  

F i g .  5 (1 3 ,  14, 1 5 ) .  I t  can be s e e n  t h a t  t h e y  have  i n  common th e  seq u e n ce
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Msp I # 1  (A y )  TGAGGCCAGGGGCCGGCGGCTGGCTA 
Msp I # 1 6  ( a ^  GTGAGCGGCGGGCCGGGAGCGATCTG 
Msp I 2 5 5 2  ( M 13) CCATTAGCAAGGCCGGAAACGTCACC 
Msp I 7 0 0 7  ( M 13) GGGTGAGAAAGGCCGGAGACAGTCAA

Fig. 5. Alignment of the MspI sequences uncut by MspI in ’methylated' DNA.

(Pu)GGCCGG. Since the consensus sequence of the site contains overlapping 
Haelll(GGCC) sites, this permitted a direct test of the methylation status of 
the two C residues of this sequence. If both C residues are methylated, then
the site will be resistant to cleavage by Haelll (blocked by GGmCC) as well 
as MspI (blocked by mCCGG). This GG-ICCGG site at position 2554 of M13 is 
however cut by Haelll in the DNA from the L cells transformed with hemimethy- 
lated DNA despite the fact that it is resistant to MspI; a 2557bp Haelll 
fragment is seen rather than the 2836bp fragment which would be expected if 
the site were uncut (see Fig. 4).
Modification with Hpall Methylase Blocks MspI Cleavage at (Pu)GGCCGG

Since the four sites have a common DNA sequence and because of the 
Haelll results, we were concerned that the failure of MspI to cut at this site 
could derive simply from the presence of the sequence GGCmCGG, that is, a site 
with only a single mC residue. We therefore used Hpall methylase tomethylate 
the sequence of Myl and then digested the DNA with MspI, Hpall and Haelll.
MspI cleaves the unmethylated DNA much more readily than the methylated DNA.
In addition, MspI only partially cuts at the MspI site at the 5' side of the 
y-globin gene at enzyme amounts that give complete cleavage at other sites; 
at extremely high enzyme doses (200X excess) about 50% cleavage is found. 
Similar results are found for the M13 GGCCGG sites. In contrast, MspI cuts 
the CCGG sites 3' to the y-globin gene and the remaining CCGG sites in the M13 
vector to completion. As expected, Hpall fails to cut all CCGG sites (Fig. 
6a). This result suggests that either MspI is blocked by the single mC resi
due, or the Hpall methylase modifies both C residues.

To exclude the latter possibility we cleaved methylated DNA with Haelll 
and asked whether the GGCmCGG site of M13 was cut by Haelll. If the sequence 
was GGmCmCGG, Haelll cannot cut this site (12). Haelll, however, cleaves
the in vitro methylated DNA to completion (Fig. 6b). To establish beyond

Gqteiccg gdoubt that the sequence n . „m is not cut by Haelll we used DNA methylase 
of Bacillus phage SPR19 which gives this modification pattern on short incuba
tion times (U. Gunthert, unpublished). This methylated sequence is not cut 
by Haelll (not shown).
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Msp Msp

M E T H Y L A T E D  UN M E TH Y LA TE D

2 3 4 6 5
4422

2 0 0 2

565

125

F i g .  6 . C lea v ag e  o f  Myl DNA m e t h y l a t e d  i n  v i t r o  w i th  H p a l l  m e t h y l a s e .
P a n e l  a ,  t h e  l e f t  hand f i v e  l a n e s  show th e  Mspi d i g e s t i o n  o f  m e th y la t e d  

Myl DNA up to  200 u n i t s / p g  o f  DNA. Lane 6 shows th e  H p a l l  
d i g e s t  o f  m e t h y l a t e d  DNA. The r i g h t  hand f i v e  l a n e s  show th e  
same MspI  d i g e s t s  o f  u n m e th y la te d  Myl DNA. The l a s t  lan e  shows 
th e  Hpal l  d i g e s t  of  u n m e th y la t e d  DNA.

P a n e l  b ,  shows th e  i n p u t  DNA f o l lo w e d  by Hpal l , MspI  and Hael l l  d i g e s t s  
o f  m e t h y l a t e d  (M) and u n m e th y la te d  ( - )  Myl DNA.

The r e s u l t s  show t h a t  MspI f a i l s  to  c u t  DNA a t  th e  s e q u e n ce  GGC CGG. I t

i s  t h e o r e t i c a l l y  p o s s i b l e  t h a t  H p a l l  m e th y la s e  g e n e r a t e s  th e  se q u en ce
GGCmC G G . . .  . . .m m  a t  t h i s  s p e c i f i c  s i t e  even though  th e  o n ly  m o d i f i c a t i o n  d e t e c t e d

7 cmC GGup to  now w i th  t h e  enzyme i s  m . We c o n s i d e r  t h i s  h i g h l y  u n l i k e l y .  The
Cj (j L»C

m e t h y l a t e d  s t r a n d  o f  th e  M13 DNA se q u en ce  i n t r o d u c e d  i n t o  t h e  an im a l  c e l l s  i n
„  . GGmCmCGG , ma l l  ou r  e x p e r im e n t s  was n  and o u r  d a t a  show t h a t  t h e  e x t e r n a l  C r e s i -

UL ^ GCO GGCmC GG
due i s  l o s t  a f t e r  p a s s a g i n g  th ro u g h  th e  c e l l s  ( ->  m ) :  i t  i s  im p la u s ib le

LCvj (j  L u

t h a t  t h i s  Io c s  i s  accom panied  by  a t r a n s f e r  o f  t h e  m e th y l  g ro u p  to  th e  e x t e r -
GGCmC C Cn a l  C r e s i d u e  o f  t h e  o t h e r  DNA s t r a n d  t o  g iv e  m m .  M o re o v e r ,  the  f a c t
CCC? (j  c  c
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that we have observed the same phenomenon with both eukaryotic and bacterial 
methylase makes this explanation still more unlikely.

It is not clear why MspI has such difficulty cleaving this site when the 
internal C residue is methylated. mC residues have been implicated in the 
transition of DNA from the B to Z configuration (7) and it is possible that 
the site GGCCGG forms a non-B configuration (under MspI incubation conditions) 
when the internal C residue is methylated. Whatever the explanation, this 
phenomenon is clearly of some practical importance in the study of DNA methy- 
lation since such sites cannot be characterized with MspI. Haelll and Hpall 
are, however, diagnostic for the presence of methyl group's sequence GGCCGG.

H. Cedar and his colleagues have independently examined this phenomenon 
(see this issue of NAR) and have also concluded that the internal mC residue 
prevents cleavage of these sites by MspI.
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ABSTRACT

We have cloned the single p-globin gene from an Italian patient who is a 
double heterozygote for p°/6p° thalassaemia. RNA isolated from nucleated 
red cells from this patient can be translated in vitro to give detectable 
levels of Ay- Gy and a-globin, but no p-globin. S^-mapping transcription 
studies show that p-globin mRNA is present at about 1-3 % of the level of 
a- and y-globin mRNA. In addition, the expression of this gene has been 
studied by reversed genetics. SV40-plasmid-p°-globin gene recombinants 
have been transfected into Hela cells and analysed for fi-globin mRNA. In 
contrast to the results obtained with mRNA isolated directly from the blood 
of this patient, in the transfected Hela cells the same level of p-globin 
mRNA is seen for the p° thalassaemic globin gene and for a normal p-globin 
gene.

To elucidate the nature of the lesion, the entire DNA sequence of 
the p-globin gene of this patient has been determined. The sequence shows 
that this gene contains a termination codon at position 39 (CAG -> UAG). 
Otherwise, there is a remarkable conservation of the entire DNA sequence. .

INTRODUCTION
The hereditary disease p-thalassaemia is characterized by a reduced 

level of p-globin chains; since the a-globin chains are produced at the 
normal level, an imbalance in the synthesis of the a and p-chains ensues, 
p-thalassaemia can be divided into two types, P°thalassaemia, where no p- 
globin chains are produced, and P+thalassaemia, where low levels of structur
ally normal p-globin chains can be found (1-3).

Restriction enzyme mapping data have shown that the gross structure 
of the 6 P-globin gene region is unaltered in most cases of p-thalassaemia 
(4, 5), although in one form (4, 5) the 3' terminal exon of the p-globin gene 
is deleted. In another form of p°thalassaemia, Kan and his colleagues (6) 
have shown that globin mRNA is present at an approximately seven-fold reduced 
level, relative to a-globin mRNA and that the mRNA contains a translational 
stop codon at position 17 (AAG -> UAG) (7). Other forms of p°-thalassaemia
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have been characterized with levels of p-globin mRNA that could not be de
tected by cDNA titration studies.

To determine the nature of the lesion in this type of P°-thalassaemia, 
we have cloned the p-globin gene from a patient who has been studied prev
iously (8). We have analyzed the globin mRNA directly from the patient as 
well as analysing the expression of the p-globin gene using SV40 recombinants. 
DNA sequence studies show that this patient too, has a translational stop 
codon, this time at position 39 (CAG -> UAG).

MATERIALS AND METHODS
Cloning of the p-globin gene from a patient with p°/ftp°thalassaemia

DNA from the p°/8p° thalassaemia patient was isolated from blood as 
previously described (19). 10.8 mg of the DNA was then digested to comple
tion with restriction endonuclease Hind III and fractionated by electrophor
esis on a 0.5% preparative agarose gel. Fractions were phenol extracted, 
ethanol precipitated and resuspended in 10 nM Tris/HCl, pH 7.5. Fractions 
containing the p-globin gene fragment were determined by Southern blot analy
sis of aliquots of the fractions using nick translated plasmid HpG-DNA as 
probe (19). Positive hybridization was obtained with DNA from fractions 
containing DNA in the 7-9 kb size range.

Phage A Ch21A was grown and DNA isolated as published (e.g. 20).
100 pg A DNA (in 100 mM Tris/HCl, 10 nM MgCl2> pH 8.0) was annealed at 42°C 
for 1 hr. followed by ligation at 37°C for 3 hrs in a buffer containing 100 
mM Tris/HCl, 10 mM MgCl2, 10 nM DTT, ImM ATP, 0.02% gelatin and 1000 U T4 
DNA ligase. The A Ch21A DNA was then digested to completion with Hindlll, 
treated with bacterial alkaline phosphatase, phenolextracted, ethanol pre
cipitated and resuspended in 10 mM Tris/HCl, pH 7.5.

Human DNA fragments (containing the p-globin gene) were ligated to 
the vector DNA in the ratio 1:3, packaged in vitro as described by Hohn and 
Murray (21) and plated on bacterial strain DP50 sup F (20). 200,000 plaques
were screened according to the method of Benton and Davis (22). One plaque 
was found to be positive on rescreening. The human p-globin Hind III DNA 
fragment was then subcloned in the Hind III site plasmid pBR322.

Detection of globin mRNA by the nuclease mapping
RNA from blood cells from the patient or from Hela cells was extracted 

as described (13) and hybridized to DNA probes as described previously (14). 
The probe for the a-globin gene product was a 5' labelled Hindlll fragment 
(from a Sst I fragment of the a-globin gene subcloned in pBR322)which should
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give a 179 nucleotide product corresponding to the fragment from the Hindlll 
site in the second exon to the splice acceptor of the second exon. The 
probe was labelled as described (14). The y-globin probe was a 3' labelled 
EcoRI fragment from the y glob in gene. This fragment was recovered from a 
cloned -y6(3 globin gene cosmid (cosHG28; see ref. 15). This probe should 
generate a 167 NT long nuclease resistant fragment which extends from the 
EcoRI site in the 3rd exon to the 3' end of the y globin gene. The p-globin 
probe was a 3* labelled EcoRI-MspI double digest fragment labelled at the 
EcoRI site. Hybridization to p-globin mRNA generates a 212 NT nuclease 
resistant fragment. The 3' labelled probes were prepared as described 
previously (13) using cc-32P labelled dATP and TTP(2000/3000 Ci/mMol, 
Amersham).

Transformation of Hela cells with p-globin gene~SV40 recombinants
A BamHI-EcoRI fragment of SV40 was subcloned in pBR328 (a generous

gift of G.C. Grosveld). The 4.7kb Bglll fragment, which contains the p-
globin gene was isolated from a normal (15) or a 8°thalassaemic individual
(this report) and subcloned in the BamHI site of the SV40-pBR328 recombinant.
15 pg of the recombinant DNA was applied to Hela cells (grown in a-MEM + 10%
newborn calf serum) as a calcium phosphate coprecipitate as described (15).
After removal of the excess DNA-precipitate after about 16 h, the cells were
grown for 48h, RNA isolated (13) and the level of p-globin mRNA determined
by S1 mapping. Under these conditions the rabbit P-globin gene generates 

1 4about 10 p-globin mRNA molecules per cell.

RESULTS
Expression of the p°thalassaemic globin gene in vivo

Most studies of p°thalassaemia have been performed on "homozygous" 
patients. Though technically simple, this approach suffers from the disad
vantage that if each respective allele exhibits a different form of P° 
thalassaemia, then it is not usually possible to distinguish these in in vivo 
studies of gene expression. The general consensus is that p-thalassaemia 
is a heterogeneous disease which may be a manifestation of several different 
types of defect (see e.g. refs. 1-3). For this reason, we chose to study 
the p°-globin gene of a patient doubly heterozygous for p°/ftp° thalassaemia. 
Since in 6p°thalassaemia the p-globin gene is entirely deleted (9,10,11),all 
studies of p-globin gene expression must therefore only refer to the single 
remaining p-globin gene in this patient (see Fig. 1).
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basepairs

Schematic Genotype of theThalassaemic 
Patient

Fig. 1. Schematic genotype of the patients at the 8 and p-globin locus, 
chr. = chromosome. 8(3° refers to the partially deleted 8(3° thalassaemic 
globin gene and (3° to the thalassaemic (3-globin gene. Blotting experiments 
described previously have shown that this patient has the classical Southern 
Italian form of 8p°-thalassaemia depicted here (9).

We first isolated total RNA from this patient and translated this 
in vitro using a wheat germ extract to establish that no translatable (3-globd.n 
mRNA is present. The translation product was analysed on Triton-urea gels 
(12), since these separate both Gy-, Ay-, |3-and a-globins; while Gy, Ay and 
a-globins were abundantly produced, no (3-globin could be detected (not shown).

The RNA preparation was then assayed for a-, p-, y- and 8-globin 
mRNA by hybridizing the preparation with 3' end-labelled probes for the p-y- 
and 8-globin genes and a 5' probe for the a-globin gene as described in 
Materials and Methods. The hybrids were treated with nuclease and the 
S^-resistant products analysed on polyacrylamide-urea 'sequencing' gels to 
determine the size of the product. Previous studies on the globin mRNA of 
this patient showed that the level of p-globin mRNA was below the detection 
level of the cDNA titration method used although a-globin mRNA was shown to 
be present (7). Using S^-mapping, we found high levels of a- and y-globin 
mRNA (Fig. 2) and a low level of resistant hybrid was formed with a 8-
globin gene probe (not shown). Low but significant levels of p-globin mRNA 
are, however, also detectable in the RNA of this patient with this method. 
Both the 5' (not shown) and 3' ends (Fig. 2) of this mRNA are the same as 
those of normal p-globin mRNA, since the nuclease resistant products have 
the same size as those obtained with normal human p-globin mRNA. The exten
sive sequence divergence of the 8- and p-globin genes in the 3' untranslated 
region precludes the detection of heterologous 8-p hybrids with the p-globin
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F i g .  2 . D e t e r m i n a t i o n  o f  t h e  a ,  p and y - g l o b i n  mRNA l e v e l s  i n  who le  b lood  
RNA from  t h i s  p a t i e n t .  The RNA l e v e l s  w ere  d e te r m in e d  by h y b r i d i z a t i o n  to  
3 '  end l a b e l l e d  p r o b e s  f o r  th e  p (2 x 10^ cpm/p mol 3 '  en d s)  and y - g l o b i n  
g en es  (1 .7 2  x 10^ cpm/p mol 3 '  en d s)  and t o  a  5 '  l a b e l l e d  p ro b e  f o r  t h e  
a - g l o b i n  gene ( 1 .5  x 1 0 4 cpm/p mol 5 '  e n d s ) .  On th e  l e f t  s i d e  o f  t h e  
f i g u r e  t h e  p r o b e s  h a v e  b e e n  h y b r i d i z e d  s e p a r a t e l y  to  an e x c e s s  o f  t o t a l  
b lo o d  RNA i n  a volume o f  10 p i .  On t h e  r i g h t  s i d e  t h e  t h r e e  p r o b e s  w ere  
mixed and h y b r i d i z e d  t o  4ng, 20ng,  lOOng, 400ng and 2pg r e s p e c t i v e l y  (1 t o  5), 
o f  t o t a l  RNA. The m a rk e r s  a r e  5 '  l a b e l l e d  f r a g m e n ts  of  0X 174 DNA c u t  w i th  
T aqI  o r  R s a l .

gen e  p r o b e  u s i n g  t h i s  m ethod .

C lo n in g  o f  t h e  t h a l a s s a e m i c  (3 ° -g lo b in  gene  and d e t e r m i n a t i o n  o f  t h e  p - g l o b in  

gene DNA se q u e n c e

A v a r i e t y  o f  mechanisms c o u ld  be  e n v i s a g e d  to  e x p l a i n  t h e  low 

l e v e l  o f  p - g l o b i n  mRNA and th e  a b se n ce  o f  p - g l o b i n  i n  t h e  r e d  c e l l  p r e c u r s o r s  

o f  t h i s  p a t i e n t .  To d e t e r m i n e  th e  m o le c u la r  b a s i s  o f  t h e  l e s i o n  i n  t h i s  c a s e ,  

we c lo n e d  a 7 . 5 k b  H i n d l l l  f r a g m e n t  w hich  c o n t a i n s  t h e  p - g l o b i n  gene  u s i n g  as 

v e c t o r  b a c t e r i o p h a g e  X  c h a ro n  21A ( s e e  M a t e r i a l s  and M e th o d s ) .  S ta n d a rd
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restriction mapping studies (F.G.Grosveld and H.H.M. Dahl, unpublished) 
confirmed that no detectable deletions of the DNA in the vicinity of the p- 
globin gene have occurred.

The primary sequence of the normal p-globin gene has been deter
mined by Lawn et al. (16) . We therefore determined the sequence of the same 
DNA region of the p°-thalassaemic globin gene. Fig. 3 shows the sequencing 
strategy and the differences' between the normal and thalassaemic gene sequence. 
Out of 2043 nucleotides, only 3 nucleotide differences were found between the 
normal and thalassaemic gene* The first difference is in the second exon of 
the p-globin gene and results in a translational termination codon at residue 
39 (CAG -> UAG). This is obviously the causal agent of ft-thalassaemi'a in 
this case. The other two differences (TT -> AA) reside in the 3f extragenic 
regions, 214 nucleotides downstream from the 3’ end of the p-globi'n gene 
(defined as- those sequences that encode p-globin mRNA). Remarkably, the 
entire p-globin gene sequence, including the entire sequence of the large 
intron, is otherwise identical to that of the normal p-globin gene.

We have also cloned the same Bindlll; fragment from another Italian 
P°thalassaemic patient and determined part of the DNA sequence of the p-globin 
gene. The only difference observed here is the same transition at the codon 
for amino acid residue 39 (CAG -> UAG). The 5* extragenic region, 
the 5* and 3* intron-exon junctions and the first and second exons show no 
differences from the DNA sequence of the normal p-globin gene.

Expression of the P°thalassaemfc globin gene on an SV40 recombinant
The Facts that the transcribed portion of the p°-thalassaemic globin

Fig. 3. The sequencing strategy for the p°thalassaemic globin gene and 
the sequence differences observed. The p-globin gene is indicated as 
protein coding (filled boxes) 5’ or 3 1 untranslated sequences (hatched boxes) 
or intron (open boxes). The TT -> AA difference in the 3' extragenic 
regions may not be real. The sequence of this region of the normal p-globin 
gene requires reconfirmation (T. Maniatis, A. Efstratiadis and N.Proudfoot, 
personal communication).
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gene differs from the normal gene By only a single base substitution and that 
the 5' flanking DNA sequences are identical for both genes (see Discussion), 
suggest that the translational stop codon causns the low level of p-globin 
mRNA in the thalassaemic. Alternatively, it could be argued that a second 
mutation exists in the vicinity of the thalassaemic p-globin gene which causes, 
for example, a reduction in the level of transcription.

To examine this possibility we linked the p°thalassaemic globin gene 
to an SV40-pBR328 plasmid vector which we have recently used to study the 
expression of the rabbit p-globin gene (G. C. Grosveld, E. de Boer, C. K. 
Shewmaker and R. A. Flavell, in preparation). The 4.7kb Bglll fragment 
(which contains the human p-globin gene together with about 2 kb of 5' flank
ing DNA sequences and about 1.2 kb of 3* flanking DNA sequences), was intro
duced into the BamHI site of the SV40 vector by cloning in E.coli as described 
in Materials and Methods. This inserts the p-globin gene segment between 
the early region of SV40 and the tetracycline gene of pBR328. Both the nor
mal and p°thalassaemic globin genes were inserted into the SV40 vector and 
plasmids containing the human p-globin genes in both orientations (i.e. with 
the 5' end of the p-globin gene adjacent to the SV40 and pBR328 sequences 
respectively) were obtained.

The SV40 p-globin gene recombinants were then introduced into Hela 
cells as a calcium phosphate co-precipitate (see Materials and Methods).
Under these conditions, W. Schaffner (personal communication) has shown that 
the rabbit p-globin gene inserted into the SV40 Kpnl site of an SV40-pBR322 
plasmid, is expressed specifically from its own promotor and that trans
latable B-globin mRNA is produced in these cells. To detect the human p- 
globin gene transcripts in the Hela cells, a 3' labelled 700 bpEcoRI +MspI 
fragment, which spans the 3' end of the p-globin gene was used as a hybrid
ization probe in mapping experiments as described above and in Materials
and Methods. Fig. 4 shows that the expected DNA fragment is also found 
when RNA from the Hela cells that have been transfected with human p-globin 
gene is hybridized with the 3' labelled fragment and digested with nuc
lease. Moreover, approximately the same level of p-globin mRNA is produced 
from the normal or thalassaemic p-globin gene. No protected fragment is 
seen for control Hela cells (not shown) or Hela cells transformed with the 
SV40 pBR328 vectors (Fig. 4). It is therefore unlikely that the low level 
of p-globin mRNA in the thalassaemic patient is due to a strongly reduced 
transcription level in vivo.
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F i g .  4 . (3 -g lob in  mRNA l e v e l s  p ro d u c ed  from  e i t h e r  t h e  t h a l a s s a e m i c  o r  
no rm al  (3 -g lob in  gene  as  SV40 r e c o m b in a n t s  i n  H e la  c e l l s .  The l e v e l  o f  
p - g l o b i n  mRNA was d e te r m in e d  by n u c l e a s e  mapping as  d e s c r i b e d  i n  M a t e r i a l s  
and M ethods u s i n g  a s  p ro b e  a 3 '  l a b e l l e d  0 .7 k b  EcoRI + MspI f r a g m e n t  o f  th e  
p - g l o b i n  g e n e .  The h y b r i d s  w ere  a n a l y s e d  on an  80% p o l y a c r y l a m id e  u r e a  
se q u e n c in g  g e l .  As m ark e r s  ^2p 5 1  l a b e l l e d  OX DNA x R s a l  and 0X x T a q lw e re  
u s e d .  H y b r i d i z a t i o n  and Sp n u c l e a s e  t r e a t m e n t  was p e r fo rm e d  a s  d e s c r i b e d  
i n  M a t e r i a l s  and M e th o d s .  The RNA sam p les  h y b r i d i z e d  w ere  5pg 'n o r m a l '  (1) 
o r  ' t h a l a s s a e m i c '  (2)  20 pg ' n o r m a l '  (3) o r  ' t h a l a s s a e m i c '  (4) o r  50pg o f  
'n o r m a l '  (5) o r  ' t h a l a s s a e m i c '  ( 6 ) .  As a c o n t r o l ,  RNA from  H e la  c e l l s  
t r a n s f o rm e d  w i t h  t h e  SV40-pBR328 v e c t o r  (7)  was u s e d .  The number r e f e r s  to  
t h e  m o le c u la r  w e i g h t s  o f  th e  m ark e r  f r a g m e n t s .
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DISCUSSION
In this study we have employed a combination of structural and fun

ctional analyses to elucidate the nature of the lesion in a case of p° 
thalassaemia. The DNA sequence of the thalassaemic p-globingenein these two 
Italian patients, shows that the primary lesion is a translational term
ination codon at residue 39; Kan and his colleagues (6) previously showed 
a termination codon at residue 17 in a Chinese form of p°thalassaemia and 
more recently, they have demonstrated an identical lesion to the one des
cribed here (CAG -> UAG) in another Italian (?°thalassaemic patient (25).

It seems possible, therefore, that this will turn 
out to be a common lesion in P°thalassaemia. It should be noted that while 
earlier studies suggested that these patients did not produce P-globin mRNA 
(e.g. 11), these current studies show this RNA to be present. Whether P- 
thalassaemic cases with zero levels of p-globin mRNA exist remains to be 
seen.

Interestingly, in the patient we have characterized in most detail, 
the level of p-globin mRNA is only about 1-3% of the normal level* it 
follows that P-globin mRNA level is about 50 fold lower than the normal value. 
Y. W. Kan and his colleagues have made a similar observation for their 
patient (25). Since the entire P-globin gene only differs
at one nucleotide position, it would follow that the P-globin mRNA produced 
only differs at a single residue, namely in the translational stop codon and 
that this is the cause of the low level of P-globin mRNA. The alternative 
explanation is, of course, that an additional mutation has occurred, for 
example, in the P-globin gene promotor wliich results in a reduced rate of 
RNA synthesis. We do not consider this likely. The 5' extragenic nucleo
tide sequence of the P°thalassaemic globin gene is identical to that of the 
normal p-globin gene up to residue -340 (this report and N.M., E.de B. and 
R.A.F., unpublished data). This is beyond the region considered to contain 
the R-globin gene promotor (for discussion, see 18). More important, the 
p-thalassaemic gene generates the same level of p-globin mRNA as is found for 
the normal p-globin gene, when these genes are transcribed in Hela cells.

At this stage it seems likely that the low level of R-globin mRNA in 
the erythroblasts of this patient may be a result of a reduced stability of 
this defective p-globin mRNA, as was previously proposed for the Chinese P° 
thalassaemia (6). Such instability might result from the nuclease suscep
tibility of mRNAs which are not protected by ribosomes because protein syn
thesis terminated prematurely on these mutant mRNAs. Since this difference
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is not seen in relatively short-term (48 h) in vivo experiments in Hela cells, 
we believe that it results from a difference between the Hela cell and in 
vivo nucleated red cell cytonlasm that must at present remain the subject 
of speculation.

Finally, it is noteworthy that exceedingly few polymorphic differences 
exist between the DNA sequence of this p°thalassaemic P-globin gene and the 
normal p-globin gene sequence. In fact, of the total of 1600 nucleotides 
present in the transcribed segments of each of four f-globin genes (one P° 
thalassaemic (this report), two identical P. thalassaemics (23,24)and one nor
mal gene (17) ), only one nucleotide difference is seen per abnormal gene 
and this difference appears to be the causal agent of the disease in each 
case - no polymorphic differences have been seen. This differs markedly 
from the human foetal globin genes where two allelic Ay globin genes differed 
by 15 base substitutions and three deletions of 18, 4 and 4 nucleotides res
pectively.
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