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Scope of the thesis 

The human p-globin locus is frequently used as a model system to study mechanisms 
controlling tissue-specific and developmentally regulated gene expression. Much of the recent 
progress in understanding the regulation of ~Rglobin gene expression has come from a better 
knowledge of the process of transcription. Proper transcriptional regulation of the human p­
globin genes occurs, at least in part, through specific interactions of regulatory traus-acting 
proteins to defined cis-regulatory sequences that include promoters, enhancers, silencers, and 
elements of the locus control region (LCR, Chapter I). 

Several models have been proposed for the mechanism of LCR activation and 
developmental regulation of the p-globin genes. One model is the accessibility model, which 
suggests that the LCR merely generates topological changes in the chromatin structure 
making all the genes accessible to freely diffusable transacting factors including the 
transcription machinery. A second model suggests that the LCR functions as a nucleation site 
for some transcriptional activation activity or complex, which scans along the DNA to 
activate gene transcription. The third model is the looping model, which suggests that the 
LCR participates in direct chromatin interactions with promoter regions of a gene to activate 
transcription. In trying to discriminate which mechanism is most likely to operate ill vivo in 
the regulation of the human p-globin genes, we focused our attention on stages of globin gene 
switching in order to gain insights into the transcriptional activation dynamics and to make 
inferences about the mechanism operating in the locus. In Chapter 2 we have developed and 
applied a sensitive fluorescent in situ hybridisation technique to detect primary RNA 
transcripts at the site of transcription, which allowed us to discriminate between a single and a 
multiple gene activation mechanism operating in the locus. The results showed that single 
gene signals dominate and suggested that gene switching is a dynamic process. Since the 
results were not fully decisive, we used RNA FISH in combination with DRB-induced (5,6-
4ichloro-l-p-D-ribofuranosylhenzimidazole) transcriptional inhibition and release 
experiments (Chapter 5) to extend our insights gained into the kinetics of globin gene 
transcription. The results imply a dynamic, single gene activation mechanism in which gene 
transcription is an all or none event. We find the results most compatible with the looping 
model of LCR driven gene activation. In addition, the results predict that globin gene 
switching is brought about by gradual changes in the trans-acting factor environment. This 
hypothesis was tested in experiments described in Chapter 3, where we show that changes in 
globin gene expression during periods of y- to p-gene switching are a result of changes in the 
concentration of the erythroid KrUppel-like factor (EKLF). Expression studies were 
performed using compound EKLF knockout and single copy human p-globin locus transgenic 
mice. This analysis was extended as described in Chapter 4, by studying single copy human 
p-globin locus transgenic mice in an EKLF overexpressing background. OUf data indicates 
that the concentrations of a critical transcription factor can play an important role in the 
balance of gene transcription during stages of globin gene switching. In addition we show that 
EKLF is functional in the primitive lineage by showing that it binds to the CACC motifs in 
LCR HS site3. We demonstrate that expression of the human adult p-gene is not dependent on 
EKLF in the embryonic lineage but acquires this dependency in the definitive lineage. How 
this dependency is acquired is not known. 

Each chapter contains a comprehensive discussion that deals with the newly obtained 
results trying to match them with one of the proposed models. In Chapter 6, I have shortly 
summarised the results, predominantly in the light of the prevailing looping model. Further, I 
have discussed some aspect of the RNA FISH technique and some conflicting data concerning 
the function of EKLF in the primitive and definitive lineages with regard to the activation of 
the adult p-globin genes. 
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Chapter 1 

General introduction 





General Introdnction 

1.1 The erythroid lineage, haemoglobin and the globin genes 

Haematopoiesis and the red ceillitleage 
Haematopoiesis is the generation of the different blood cell types from a limited pool of 

multipotential self-renewing stem ceIJs, which as a continuous process is essential throughout 
the entire life span of vertebrates (Metcalf. 1989). Differentiation into the various lineages is 
in part specified by interactions of extracellular signals (called haemapoietic growth factors) 
to membrane bound receptors. After ligand binding and through still ill defined secondary 
intracellular signalling pathways, these receptors can invoke differential responses in gene 
expression in pluripotent precursor cells. This results in irreversibly programming these 
precursors to a defined blood cell lineage such as red cells, neutrophils, 
monocytes/macrophages, megakaryocytes, mast cells and lymphoid cells (Metcalf, 1989; 
Olsson et ai, 1992; Figure 1). 

differentiation into other 
bioodcclilineages as: 
lymphocytes, megakaryocytes, 
mast celis, etc 

pluripotent siemccil B' . 
in the bone marrow Commtted progc." ..• , .. ,.", ~ Immature Cell Mature Cell Nucleus: 
~ BFU·E CFU·E Pro-el)1hroblast Erythrocyte_ 

(Q) g-@ ((5)-® (j)--U~-~~ 
~ IL3 GM.CSF 10 GM·CSF IL3 GM·CS I Epa 

Epo Epa 

--------------------~ differentitiation into .. 
the erythroid lineage -E:d:ti: 

Figure 1. Pathway of erythroid maturation. 
Some of the growth factors associated with each step in the differentiation pathway are shown. The proliferative 
potential of the cells decreases with each differentiation step, which is indicated by the bar on the bottom left. 
The nucleus tends to decrease in volume due to a higher compaction of the chromatin, which is indicated by the 
smaller size and darker staining of the circles representing the nucleus. Globin mRNA and protein accumulate 
during the terminal phase of erythroid differentiation, as is indicated by the bar on the boltom right. 
Abbreviations: BFU-E, burst forming unit erythroid; CFU-E, colony forming unit erythroid. Growth factors: 
Epa, erythropoietin; IL3, interleukin 3; OM-CSF, granulocyte macrophage colony stimulating factor. 
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The most common type of cell in the adult mammalian blood is the erythrocyte or red 
blood cell. Erythroid differentiation takes place in a series of intermediate precursors that 
progressively gain erythroid features and lose proliferative capacity (Figure I}. At the 
terminal stages of differentiation, the red cell is deprived of its nucleus, endoplasmic 
reticulum and mitochondria, making it unable to grow and proliferate. In addition, human 
erythrocytes have a limited life span of about 120 days. This demands a continuous supply of 
red blood cells (estimated to be roughly 1-2 million cells per second) through the 
differentiation of single haematopoietic stem cells. The erythroid compartment represents a 
well-characterised and accessible system and is therefore frequently used as a model for 
studying and understanding the mechanisms involved in differentiation and development. 
During erythroid differentiation a programmed set of hierarchically expressed genes 
characterise each step in the differentiation process. Among the last genes to become active 
are those that encode the globin proteins which are exclusively expressed and accumulate to 
very high levels in terminally differentiated red cells (see Figure I). In mammals two families 
of globin polypeptides are distinguished, namely u- and J}-globin, which form part of the 
larger oxygen transporter molecule haemoglobin. During human development red blood cells 
express different u- and J}-like globin peptides which are encoded by a family of u- and J}-like 
globin genes clustered within two different chromosomal loci. These loci have long provided 
unique model systems for the study of the regulation of gene expression in vertebrates. 

Haemoglobin and haemoglobillopathies 
The contents of circulating red blood cells consist of approximately 90% of the oxygen 

transporter molecule haemoglobin, providing the red blood cell with its major function, the 
transport of oxygen from the lungs to all peripheral body cells and the transport of carbon­
dioxide from peripheral tissues to the lungs (reviewed in Dickerson, 1983). Haemoglobin is a 
compound tetrameric molecule composed of two (X- and two p-like globin polypeptide chains 
(perutz, 1960). Each globin polypeptide chain is associated with a heme molecule, which is 
incorporated inside a pocket like-cavity formed by three alpha helices. The heme group is an 
inorganic molecule composed of a divalent iron incorporated within a protoporphyrin IX ring, 
which is capable of reversibly binding one molecule of oxygen and forms the functional 
centre of the molecule. Although the heme group is the same in the different globin subtypes 
produced during human ontogeny, there are distinct variations in the oxygen binding 
characteristics of the different haemoglobin subtypes that reflect the oxygen requirements of 
the developing embryo. 

Co-ordinated expression of three rt.- and five J}-like globin genes produce the different 
embryonic, foetal and adult haemoglobin subtypes, which results in a balanced expression of 
rt.-like versus J}-like globin proteins throughout development. Many genetic abnormalities can 
influence the haemoglobin production during development or the adult stage, giving rise to 
the haemoglobinopathies. We can distinguish disturbances in the timing of gene switching 
during development and disturbances of the level of globin gene expression. Hereditary 
persistence of foetal haemoglobin (HPFH) is a disorder which affects the developmental 
switch from foetal y- to adult J}-globin gene expression. HPFH leads to elevated levels of 
foetal haemoglobin (HbF) in adult life but has no harmful effects, because HbF can 
adequately substitute for adult haemoglobin (HbA) in J}-globin deficient conditions such as J}­
thalassaemias and is even beneficial in patients heterozygous for the sickle cell allele (Kaul et 
aI., 1996; Wood, 1993; Craig et aI., 1996). Sickle cell disease is caused by a single base pair 
(bp) mutation in codon 6 of the human J}-globin gene resulting in a single amino acid 
substitution of glutamine to valine. The mutant J}-globin molecule is susceptible to 
polymerisation when deoxygenated, causing a number of red cell deficiencies. The red cells 
deform into a sickle shaped cell vulnerable to degradation and severe anaemia. Sickled cells 
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also lead to vaso occlusion and multi-organ damage by necrosis. Thalassaemias are caused by 
perturbation in the production of either (J.- or p-type globin proteins, resulting in unbalanced 
quantities of both gene products. This leads to a decreased level of haemoglobin synthesis and 
formation of protein precipitates of the excess globin chains. The precipitates make red cells 
vulnerable to degradation, resulting in severe anaemia (Orkin, 1986; Thein, 1993). Two 
general classes of thalassaemia are distinguished, dependent on whether an (J.- or p-type gene 
is affected causing either (J.-thalassaemia or p-thalassaemia, respectively. The severity of the 
anaemia phenotype can range froUl mild to a lethal anaemia depending on the extent of the 
disturbance between (J.- and p-protein levels. The thalassaemias represent one of the most 
prevalent genetic defects in the world, which are thought to be maintained because of a carrier 
advantage for malaria infection. These haemoglobinopathies have played a very important 
role in the study of transcriptional regulation during development and wiH be quoted when 
necessary. 

Globin gene evolution and gene structure 
Both globin gene subtypes find their ancestral origin in a duplication event that took place 

about 450 million years ago, leading to the separation into an a-like and a p-like globin gene 
(Hardison, 1991). After the initial duplication, the a-like and p-like globin genes were free to 
evolve independent of each other. In amphibians, the a- and p-like globin genes are tightly 
linked, but these genes became separated on different chromosomes in the lineage to birds 
and mammals. In their subsequent evolution, the a-like and p-like globin genes duplicated 
several more times with individual genes being subjected to sequence divergence, deletions, 
conversions and retro-transpositions leading to the present-day families of globin gene 
clusters. Despite the long evolutionary separation of the human a- and p-like globin genes, 
their polypeptide chains still match in about .... 50% of the amino acid positions. For excellent 
and comprehensive reviews on the evolution or history of haemoglobin and the globin genes, 
see Efstratiadis et aI., 1980; Hardison and Miller, 1993 and Hardison, 1991 and 1996. 

Early investigations into globin gene structure led to the discovery that coding sequences 
of genes were divided into segments called exons, which were interrupted by non-coding 
intervening sequences (NS) or introns (Jeffreys and Flavell, 1977; Tilghman et aI., 1978). 
The stnlcture of the globin genes has been well-conserved among many species, and has a 
compacted structure between 1 and 2 kb in size. Virtually all globin genes have two introns, 
which are found in equivalent positions in all vertebrate a-like and p-Iike globin genes. 
Because the exons were thought to encode for discrete domains of protein structure, it has 
been suggested that the intron-exon structure of the globin genes may have its origin in the 
shuffling of exons to produce novel proteins (Gilbert, 1978; Blake, 1978; Souza et aI., 1996). 
In the case of the mammalian p-globin genes, the first intron, which varies between lto-l30 
bp, is much smaller than the second intron, which varies between 600-900 bp. The intron 
sequences of the Gy- and Ay-globin genes show great similarity and so do the introns of the 0-
and p-globin genes, while intron comparison of the e- to Gy- and Ay- to 0- and p-globin genes 
reveal little sequence similarity. Both exons and introns arc transcribed into a single 
continuous precursor RNA. and the non-coding intron sequences are subsequently removed in 
the nucleus through RNA splicing. The resulting mature mRNA contains a 5' untranslated 
region (5'UTR) which is around 50bp, followed by the approximately 600 bp coding 
sequence, a 3'UTR of about 150 bp, and a polyA tail varying in length between 100 to 200 
adenylic acid residues (Figure 2). Both UTRs are thought to play an essential role in 
increasing the stability and translation efficiency of the mature globin mRNAs (Weis and 
Liebhaber, 1994; Russel and Liebhaber, 1996). Globin mRNAs encode proteins with sizes 
between 141 and 146 amino acids. 
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RNA polyadenylation 
and 

transcriptional 3' RNA cleavage site 
start site J 

genomic DNA ____ ..... W\ .. �4_2~1,..30"'Cl:_2-2-2..J...--:i8::S"O::_--.J[T]-2.1.61...L.-·-___ _ 
IVS-J IVS-II 

1605 bp 

full length precursor RNA 1![::J--0=::J--_~_--C:r:::J AAA(A)N 

-1605 nuc1eotides + po\yA tail 

maturemRNA 
-625 nucleotides 

+ poJyA tail 

~ ": (' I>;,~AAA(A)N 
5' UTR C codmg ~ \ 

sequence 3' UTR 

Figure 2. Structure of the human p-glohin gene, full-length primary RNA transcript and the fully processed 
mature mRNA. 
The white bars represent protein coding regions while the grey bars represent the untranslated 5' and 3' regions 
(UTR). The numbers indicate the length of intran and exon regions in base pairs (bp). The AAA(A)N indicates 
the polyA-taii (pA) which is between 100 and 200 nucleotidcs (nt) in length, 

Genomic organisation and humall globin gene expression during development 
The human u- and ~-globin loci are multi gene clusters, which are located on the short ann 

of chromosome 16 (band 16pI3.3) and on the short ann of chromosome II (band IlpI5.5), 
respectively. The a-globin locus includes four expressed genes namely the embryonic 
expressed /;2-gene and the two foetal and adult expressed al- and a2-genes and a gene of 
undetermined function, the a-gene. No function has been found for the a-gene and deletions 
including the entire a-gene appear to have no recognisable phenotype, still the gene is 
expressed at very low levels in erythroid tissues (reviewed in Higgs, 1993). In addition, three 
pselldogenes, IJI/; I, lJIa2, and lJIal are embedded in the a-locus. The structure of the a-locus 
is as follows: 5'/;2-1JI/;1-lJIa2-lJIal-al-a2-0 3' (reviewed in Higgs et aI., 1989; Higgs, 1993; 
Figure 3). The p-globin cluster spans 70kb and contains a set of five erythroid specific genes 
including an embryonic gene, e, two foetal genes, 0y and A..r, two adult genes, 8 and ~ and a 
non-expressed pselldogene, IJIp. The structure of the p-Iocus is as follows: 5'c-Gy-Ay·8-p 3' 
(reviewed in Collins and Weissman, 1984). In both the human a and p loci the genes are 
arranged along the chromosome in the same order as they are expressed during development 
(Figure 3). The a- and p-globin clusters are both preceded by remote cis-acting regulatory 
sequences referred to as hypersensitive site -40 (HS-40) and locus control region (LCR) 
respectively (Figure 3). HS-40 represents a small region of DNA hypersensitive to DnaseI 
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treatment which is located 40kb upstream of the embryonic S-gene and its presence is 
essential for the expression of all genes in the o:-globin cluster (reviewed in Higgs, 1990). The 
functional activity of the p-globin LCR is contained within 5 DNA regions characterised by 
being hypersensitive to DNase! treatment and which are spread over a 16kb region (Grosveld 
et aI., 1993). Presence of the LCR is important for the expression of all p-genes in the locus 
and will be more elaborately discussed later. 

Early embryonic erythropoiesis takes place in the lining of the yolk sac, where small 
"islands" filled with primitive nucleated erythroid cells are produced. Around the 3,d week of 
gestation the 0:- and p- globin loci are activated in erythroid cells of the primitive lineage, 
which predominantly express the e-globin and I;-globin genes and low levels 0:- and 'Y-globin 
genes. The embryonic haemoglobins produced are of the type Gower I (~2e2), Gower II 
(0:2e2), Portland I (1;212) and Portland II (~212). Around the sixth week of gestation 
erythropoiesis moves to the foetal liver producing anucleated erythrocytes of the definitive 
lineage, which coincides with a switch from e- to 'Y-globin gene expression and from ~- to 0:1-
and 0:2-globin gene expression. Around 10 weeks of gestation embryonic haemoglobin is no 
longer detectable and fetal liver erythropoietic cells mainly produce fetal haemoglobin (HbF, 
O:,'Y,). The two o:-globin genes remain expressed throughout the rest of development and in 
adult stages. During the fetal period, the site of erythropoiesis gradually switches from the 
liver to the spleen and finally the bone marrow. y-Globin gene expression decreases during 
this period with reciprocal increases in the expression of the adult p-globin gene and the 
appearance of low levels of adult a-globin gene expression. Throughout adult life the bone 
marrow remains the major site of erythropoiesis with p-globin (-97%) being the major gene 
and a-globin (-3%) being the minor gene expressed, producing major (HbA, o:,P,) and minor 
(HbA2, 0:,02) adult haemoglobin subtypes respectively (Weatherall and Clegg, 1981; Peschle 
et aI., 1985; Bunn and Forget, 1986; Stamatoyannopoulos et aI., 1987 and 1994). 

The human a-globin locus is characterised by a single switch in gene expression, while the 
human ~-globin locus is characterised by two major gene expression switches. These major 
gene-switching events seem to coincide with developmental switches in the site of 
erythropoiesis (Figure 3). It should be noted however that globin gene expression during the 
different developmental stages in human is not strictly related to the site of erythropoiesis 
since ~-, £- and p-gene expression can be detected during foetal stages and 'Y-gene expression 
can be detected in embryonic and adult erythrocytes. 

Erythropoiesis provides a relatively well-defined and accessible model system for the 
study of differentiation and gene expression during development. How the globin genes 
restrict their activity to the erythroid lineage and how developmental gene switching is 
regulated are among the basic problems that we study. Important parameters that have been 
implicated in the regulation of the globin genes are chromatin structure, transcription factors 
and cis-regulatory DNA sequences, all of which will be discussed. 
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Figure 3. Organisation and developmental patterns of expression of the human u- and p-globin genes. 
Top: The organisation of the human (X- and p-glohin locus on chromosome 16 and 11 respectively. Middle: The 
pattern of developmental expression of the human (X- and j3-g1ohin genes with the top bar indicating the changes 
in erythropoietic tissues during development. \jI indicates an inactive pseudo gene, and the 9-gene's function is 
not known and is expressed at vcry low levels. Therefore these two genes are not indicated in the graph. Bottom: 
The tetrameric haemoglobins produced during the different stages of human development. Abbreviations: LCR, 
locus control region; HS-40, hypersensitive site -40; HbF, fetal haemoglobin; HbAI, HbA2, adult haemoglobin 
type I or type 2. 
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1.2 Eukaryotic chromatin and regulation of gene expression 

Folding DNA into nucleosomal repeats and increasingly higher order chromatin structures 
represents an excellent way of compacting DNA. Folding is necessary to fit the DNA. which 
in mammals has a length of about 2 meter, into the cell nucleus with a diameter of about 
IOllm. This tight packaging imposes constraints on the accessibility of the DNA to diftusable 
regulatory proteins which play essential roles in the activation of gene transcription. There is 
now extensive experimental evidence implying that the regulation of the structure of 
chromatin contributes to the regulation of gene expression. To fully comprehend the role of 
chromatin in gene regulation the general structure and mechanisms regulating the dynamics of 
chromatin as it occurs inside the nucleus of an eukaryotic cell will be discussed first. 

Histolles, llucleosome structure and chroma till organisation 
Repeating arrays of nucleosomes are the fundamental building blocks of eukaryotic 

chromatin (Kornberg. 1974 and 1977). The nucleosome is a complex of DNA and proteins 
called histones spaced at approximately 200 bp intervals along the DNA molecule. The 
histones form a symmetrical octamer of two of each of the H2A. H2B. H3 and H4 basic 
histone proteins. Around the histone core approximately 145-147 bp of the 2 nm double helix 
DNA is wrapped forming the nuclcosomc core, reducing it to form an 11 nm chromatin fiber. 
The coiling of the DNA creates a minor and a major groove of which the geometry plays a 
crncial role in the interactions of various DNA binding proteins with the DNA backbone. The 
core histones have amino terminal tails which pass over and bctween the gyres of the 
nucleosome wrapped DNA superhelix. These tails may make contact to neighbouring 
particles and are the targets of various molecular modifying events such as acetylation and 
phosphorylation (Richmond et al.. 1984; Luger et al.. 1997). The spacing between 
nucleosomes can vary in length and is a target for the binding of histone HI, which is required 
for further assembly of the nucleosomal arrays into a 30 nm fiber compacting the linear DNA 
30 to 40 fold (Thoma et al.. 1979; Graziano et al.. 1994). Non-histone proteins are thought to 
further organise the 30 nm fiber into higher order structures giving rise to an overall 
compaction of over a thousand fold in euchromatic DNA and over ten thousand fold in 
heterochromatic DNA and metaphase chromosomes. 

It is generally accepted that the 30 nm fiber is organised into discrete and topologically 
independent higher order chromatin domains or loops which are between 30- I 00 kb in size. 
These structural domains have been implied to playa role in compaction and spatial organi­
sation of chromatin into topologically independent domains, as well as having a function in 
the regulation of gene expression (Gasser and Laemmli. 1986). Different extraction 
procedures led to the discovery of two related nuclear protein stmctures termed nuclear matrix 
and nuclear scaffold to which DNA sequences termed matrix associated regions (MARs) and 
scaffold attachment regions (SARs) remain bound. forming the base of DNA loops in 
interphase and mitotic chromosomes. respectively (Mirkovitch et al.. 1984; Cockerill and 
Garrard. 1986a). Recently. it has been shown that many MARs co-localise with previously 
mapped SARs on a 500 kb region of Drosophila X chromosome (Iarovaia et al.. 1996). 
Additional SARs were found to be located in the non-attached loops. suggesting a higher 
degree in DNA-matrix attachment during mitosis than during interphase. This reflects the rate 
of compaction of the chromatin fiber. Although no defined consensus sequences have been 
identified. Sf MARs are rich in A+T base pairs (70%) and often contain topoisomerase II 
cleavage sites (Cockerill and Garard. 1986. Gasser et al.. 1986b). SfMARs vary in size 
between several hundreds of base pairs and several kilobases (kb) and have been identified in 
many different eukaryotic species such as Drosophila, chicken, mouse and human 
(Mirkovitch et al.. 1984; Cockerill and Garrard. 1986; Jarmann and Higgs. 1988; Loc et al.. 
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1988). SIMARs are thought to be anchored with high affinity to the nuclear scaffold through 
co-operative binding of matrix associated non-histone proteins. Topoisomerase II, initially 
identified as SC 1, has been associated with the nuclear matrix and its association with 
S/MARs is thought to be essential for chromosome condensation and to play a role in 
relieving torsal stress in the DNA fiber induced during transcription (Earnshaw et a1., 1985; 
Warburton and Earnshaw, 1997). The function of SIMAR regions in gene regulation still 
remains largely an enigma and few experimental clues as to the possible functions of these 
DNA elements have been provided. SIMARs have been frequently found in close association 
with regulatory sequences as enhancer elements and are able to stimulate expression of 
heterologous reporter genes when integrated into the genome (Gasser and Laernmli, 1986; 
Cockerill and Garrard, 1986; Jarmann and Higgs, 1988; reviewed by Laemmli et aI., 1992). 
S/MARs can also act as insulator sequences, isolating domains from surrounding chromatin to 
form separately regulated loci. Interestingly, SARs can function as histone HI nucleation sites 
thus being a site were chromatin configuration can be regulated (Zhao et aI., 1993). These 
results suggests dual roles of SIMARs as stmctural components of chromatin, and as 
regulatory elements involved in chromatin dynamics and gene regulation, implying an 
intimate direct relation between chromatin structure its dynamics and gene regulation 
(reviewed in Laemmli et aI., 1992; Strick and Laemmli, 1995). 

Chromatin structure alld gene transcription 
It is generally accepted that higher order chromatin structures enforce a general negative 

effect on the transcriptional activity of a gene (Gmnstein, 1990; Paral~ape et aI., 1994). At the 
lowest level of chromatin organisation there is both in vitro and ill vivo evidence that 
nucleosomes function as obstacles for transcription factors trying to get to their target 
sequence with the purpose to activate transcription (reviewed in Felsenfeld, 1992; Svaren and 
Harz, 1996). However nucleosomal arrays are present on DNA that is being transcribed or 
replicated, suggesting that nucleosomes do not form an insurmountable obstacle for these 
processes (Stnditsky et aI., 1995; Felsenfeld, 1996). In addition, there are also examples 
where the nucleosome actually plays a positive role in gene activation. 

At promoter regions, positioned nucleosomes play a role in the accessibility of 
transcription factors to their recognition sites regulating the induction of transcription. The 
role of chromatin structure and histone function on transcription has been most extensively 
addressed in yeast. The yeast PH05 gene is kept in a silenced state by the positioning of 4 
nucleosomes in the promoter region. It becomes induced upon phosphate starvation. This 
process critically depends on the remodelling of the positioned nucleosomes (measured as 
increased accessibility to DNase!) and is initiated by the binding of the transcriptional 
activator Ph04 to a low affinity-binding site in linker sequences between two positioned 
nucleosomes. Although the precise mechanism remains obscure the evidence suggest that all 
four nucleosomes are disrupted in an all or nothing fashion prior to or concomitant with the 
activation of gene transcription (Almer et aI., 1986; Svaren and Horz, 1997). Similar studies 
on interaction of the mammalian steroid glucocorticoid receptor (GR) with positioned 
Ilucleosomes in the mouse mammary tumor virus (MMTV) promoter showed how binding of 
the hormone activated GR to glucocorticoid response element (GRE) dismpts the nucleosome 
containing GRE elements thereby facilitating the binding of other factors like NF-l. NF-l 
together with hormone activated GR can synergistically activate a reporter gene from a 
MMTV promoter although NF-l alone showed no effect at all (Chavez et aI., 1995). III vitro 
studies have shown that chromatin rearrangements can further be induced by many diverse 
types of transcription factors such as the yeast Ga14, Spl, USF, TBP, TFIIIA. These 
transcription factors are thought to be in dynamic competition with histones for access to 
binding sequences in nuc1eosomes both on promoter and enhancer regions (Elgin, 1988; 
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Gross and Garrard, 1988; Steger and Workman, 1996; Felsenfeld, 1992). Nuc1eosome 
dismption by dynamic competition of trans activators does not necessarily require DNA 
replication although there have been reports that indicate that replication facilitates the 
binding of transcription factors. During activation of a promoter or enhancer region, activator 
proteins are thought to bind in a co-operative manner. The initial binding of a protein to 
relatively accessible DNA regions, which lie mostly outside or at the edge of a nucleosome. 
can facilitate the binding of various factors to neighbouring DNA regions. which arc 
relatively inaccessible. The co-operative nature of binding of multiple factors to their 
recognition sequences stabilises the transcription-factor-protein DNA complex. This would 
explain why enhancer and promoter regions contain multiple factor binding sites. Binding of 
multiple factors to their recognition sequences additively or co-operatively increases the 
probability of an all-or-none formation of a stable active complex (Boyes and Felsenfeld, 
1996). The exact nature of nucleosome disruption has not been investigated in most cases and 
can either represent a partial or complete loss of histones, histone modifications such as 
acetylation or phophoryJation or some other allosteric changes in histone-DNA stmcture 
leading to factor accessibility and nuclease hypersensitivity (Bresnick et aI., 1992; Hayes and 
Wolffe, 1992). 

The precise positioning of nucleosomes can also bring DNA regulatory elements into 
closer proximity and thereby facilitate transcription. In the Drosophila melanogaster heat 
shock protein hsp26 gene promoter, the incorporation of the DNA into nucleosomal structures 
brings two heat shock transcription factor (HSTF) binding sites located within the linker 
regions into close proximity and thereby may facilitate transcription (Thomas and Elgin, 
1988; Taylor et aI., 1991). In a similar situation, nucleosome positioning between the 
promoter and enhancer of the Xenopus laevis vitellogenin gene brings the binding sites for the 
oestrogen receptor and the NFl transcription factor into close proximity, enhancing 
transcription up to ten fold ill vitro (Jackson and Benyajati, 1993; Schild et aI., 1993). 

Transcriptional activators are not always able to compete with histone cores for target site 
accessibility of the chromatin template in promoter and enhancer regions. This might be due 
to the relative inaccessability of the target site in the nucleosome or it might concern a 
relatively low affinity binding site incapable of competing with histone cores. Two distinct 
types of enzymatic activities can facilitate the binding of transcription factors to nucleosomal 
DNA, namely histone acetyltransferases and ATP-dependent chromatin remodelling. 

HistOJle acetylation 
Proteins containing histone acetyltransferase (HAT) activity can acetylate the positively 

charged lysine residues in the N-terminal tails of histones, thereby affecting their charge and 
function. Several lines of evidence suggest that acetylation of core histone amino termini can 
modify nucleosomes by decreasing the affinity of histones for DNA and destabilising the 
relatively inaccessible 30nm structure. This type of chromatin remodelling is thought to 
enhance transcription factor binding to nucleosomal DNA (reviewed in Grunstein, 1997; 
Luger et aI., 1997; Lee et aI., 1993). An association between all acetylated forms of H4 and 
the potentially active euchromatin was shown (Clarke et aI., 1993; O'Neill et aI., 1995). 
Hypoacetylation of lysine residues in the N-terminal taBs of histone H4 is associated with X 
chromosome inactivation (Jeppesen and Turner, 1993). Hyperacetylation of histones has also 
been associated with a transcriptionally active p-globin locus exclusively in erythroid cel1s 
(Hebbes et aI., 1997). These experiments provide a direct link between the acetylation status 
of histones and transcriptional activity. The latter study showed that acetylation of the globin 
genes remained associated with transcriptionally silenced genes in an active globin locus 
suggesting acetylation as an indicator of potential gene activity rather than transcriptional 
activity itself. 
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Euchromatin, the chromatin which decondenses during interphase and contains the actively 
transcribed regions of the genome, is associated with the presence of hyperacetylated 
histones, while the more condensed inactive heterochromatin is associated with 
hypoacetylated histones. AcetyItransferases and deacetylases are thought to co-operate in 
producing these patterns of histone modifications throughout the genome, marking these 
regions as either potentially transcriptionally active regions or repressed regions (Wade et aI., 
1997). The mechanisms underlying targeting of specific acetylation patterns to particular 
genes are not well understood. It is possible that transcription factors that can activate or 
repress transcription may associate with deacetylases or acetylases and guide these modifying 
enzymes to promoter and enhancer regions. On the other hand transcription factors 
themselves may have intrinsic HAT activity. For both cases proof has been found. The yeast 
transcriptional co-activator GcnSp is required for the activation of several genes in yeast and 
contains intrinsic HAT activity (Kuo et aI., \996). GcnSp is thought to function in a complex 
with ADA2 and ADA3 to connect activators to the basal transcription machinery thereby 
activating gene transcription. Targeting GcnSp (thus HAT activity) to promoter and enhancer 
regions might help to remodel nucleosomal structures over these regions thereby promoting 
the binding of the basal transcription machinery. Human homologous of the yeast GCNS gene 
have been identified and named hGCNS and pCAF (p300/CBP associated factor). pCAF has 
intrinsic acetylation activity and competes with the adenoviral ElA protein for binding to 
p300/CBP (Yang et aI., 1996). p300/CBP is for example essential as a cofactor mediating 
nuclear receptor-activated gene transcription in response to nuclear honnone receptor 
signalling (Kamei et aI., 1996; Onate et aI., 1995; Chakravarti et aI., 1996). p300/CBP can 
bind to various other sequence specific factors involved in cell growth and differentiation, 
including CREB, c-Jun, c-Fos and c-Myb. Binding of pCAF to p300/CBP could stimulate the 
activation function of all these factors through enhancer andlor promoter specific histone 
acetylation. In contrast, the human deacetylation protein HDAC2, homologue of yeast RPD3, 
is associated with the transcriptional activator/repressor YYI (Yang et aI., 1996). It has been 
suggested that YY I represses gene activation by tethering the histone deacetylase. 

Human T AF2S0, a homologue of yeast T AF130 and Drosophila T AF230, is a basal trans­
cription factor shown to have intrinsic HAT activity (Mizzen et aI., 1996). hTAFII2S0 is part 
of a multimeric complex composed of TATA box-binding protein (TBP) and many other 
TBP-associated factors (TAFIIs). TAFs have been shown to provide interaction sites for 
distinct activators and transcription initiation factors required for activated transcription. 
Some T AFs, dT AFII42 and dT AFII62, have been shown to contain canonical histone folds 
homologous to those found in the C-terminal domains of H3 and H4, suggesting that TAFII 
complexes can wrap DNA of promoter regions in a nucleosomal-like structure (Wolffe and 
Pruss, 1996). Acetylation of nucleosomes by T AFII2S0 may facilitate nucleosome 
displacement thereby facilitating the exchange of histone and histone fold containing TAFIIs 
proteins. 

ATP dependellf chromatill remodelling 
Various complexes have been identified to facilitate transcription by their ability to 

remodel or disrupt nucleosome assembly, helping transcription factors to bind to their 
recognition sites. The yeast SWIISNF complex is able to change the nucleosome structure in 
an ATP dependent manner thereby facilitating the binding of transcription factors to the 
surface of a nucleosome (Petersen, 1996; Varga-Weisz and Becker, 1995). The SWYSNF 
complex has a molecular weight of 2MDa and contains II proteins. Most of the SWYSNF 
protein complexes have been shown to be components of the SRB complex, which in turn is 
associated to the C-terminal domain (CTD) repeats of the RNA polymerase II (pol.II) 
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holocomplex (Wilson et aI., 1996). SWI/SNF and RNA pol.II are present in stoichiometric 
amounts in yeast cells, in about 2000-4000 copies per cell, leaving an estimated 100 "free" 
SWI/SNF copies per nucleus. The hypothesis is that the SWI/SNF proteins provide the 
holoenzyme with the capacity to disrupt nucleosomal DNA. It may thereby stabilise and 
facilitate the binding of various components of the preinitiation complex in promoter regions. 
The RNA pol.II holoenzyme has similar ATP-dependent chromatin disruption activity as was 
shown for the SWI/SNF complex, and has been shown to facilitate the binding of TBP and 
presumably TFIID to nucleosomal TATA sequences in promoters (Wilson et aI., 1996). One 
of the SWI/SNF protein components is SNF2 which is a DNA stimulated ATPase essential 
for the remodelling activity of the complex. Mutations in the ATPase domain of SNF2 
interfere with the remodelling activity in vivo. SWIlSNF components and their function seem 
to be well-conserved in eukaryotes. In human, two SNF2 homologues, hBrm and BRG-l, 
have been identified which are part of a SWI/SNF-complex which has been shown to disrupt 
chromatin structure and facilitate transcription factor binding to nucleosome associated DNA 
ill vitro (Cote et aI., 1994; Imbalzano et aI., 1994; Kwon et aI., 1994). 

In Drosophila the SNF2 homologue Imitation-of-Switch (IS WI) has been shown to be 
associated with a nucleosome remodelling factor (NURF) activity observed in a cell-free 
embryo extract (Tsukyyama et aI., 1995). NURF-activity is ATP dependent and able to 
disrupt nucleosomes in the hsp70 promoter in the presence of GAGA factor (Tsukiyama and 
Wu, 1995 and 1997). NURF is different from SWI/SNF as it consists of only four protein 
components and unlike SWI/SNF is present in higher levels, at an estimated 100.000 copies 
per cell nucleus. NURF does not associate with the RNA polymerase II holoenzyme as 
SWI/SNF does. In addition, the ATPase activity of the NURF-component ISWI, unlike SNF2, 
is stimulated by chromatin rather than DNA. The different characteristics and higher 
availability of NURF complexes suggest a slightly different and more general role for NURF 
in chromatin remodelling. More recently two remodelling complexes chromatin-.!!ccessibility 
£omplex (CHRAC) in Drosophila and remodelling the ~tructure of £hromatin (RSC) in S. 
cerevisiae have been identified by their ability to render chromatin accessible to binding 
factors. CHRAC is further able to function in chromatin assembly and to organise 
nucleosomes in regular arrays in an ATP dependent manner (Varga-Weisz et aI., 1997). RSC 
has been found on the basis of homology to components in the SWI/SNF complex but is 10 
fold more abundant, not associated with RNA polymerase II and unlike SWI/SNF, essential 
for mitotic growth. This suggests a more general role in chromatin remodelling (Cairns et aI., 
1996). Although the complexes mentioned here differ in many respects, the common theme in 
all these remodelling complexes found thus far is that perturbation of histone-DNA contacts 
manifest themselves by increased mobility of nucleosomes and enhanced accessibility of 
DNA to sequence specific DNA binding factors (Krude and Elgin, 1996). While studying 
these different complexes and their activities it will be interesting to see what relation there is 
between these complexes. Interestingly CHRAC and NURF share the ATPase containing 
protein ISWI, indicating that similar remodelling activities are shared by complexes with 
different specificity. 

DNase! sensitivity and hypersensitive sites 
Distortions of chromatin structure of active sites can often be detected by an increase in 

sensitivity to nucleases such as the endonuclease DNaseI, which is able to nick individual 
strands of the DNA duplex in a manner that is relatively independent of the sequence. 
Susceptibility to DNaseI may therefore be used as an assay to measure the general 
accessibility of DNA regions in chromatin. An increase in DNaseI sensitivity was first noted 
for the globin and ovalbumin genes in expressing tissues where sensitivity was specific for 
active gene loci, and has now been demonstrated for a wide variety of tissue specific and 
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ubiquitously expressed genes (Garel and Axel, 1976; Weintraub and Groudine, 1976; Stalder 
et ai., J 980). Sensitivity can extend over the entire region of a transcribed gene including 
regions up- and downstream of the genes. This type of general DNaseI sensitivity has been 
attributed to more common chromatin changes caused through the absence of histone HI, the 
acetylation of histones or undermethylation of DNA sequences (Vidali et aI., 1978; Huang 
and Cole, 1984; Karpov et aI., 1984; Schlissel and Brown, 1984; Tazi and Bird, 1990). 

In addition to sensitive regions we distinguish DNaseI hypersensitive regions. These 
regions are particularly susceptible to digestion with DNaseI and have been identified in 
promoter regions as well as in distant regulatory sequences up- or downstream of many genes 
(Tuan et aI., 1985; Forrester et aI., 1986; Groudine et aI., 1983). The presence of such DNaseI 
hypersensitive sites can be constitutive, developmentally regulated or tissue specific, and 
these sites are thought to represent small regions of the DNA where nucleosomes have either 
been dismpted or displaced, which are bound by nuclear factors (McGhee et a!., 1981; 
Karpov et a!., 1984; Solomon and Varshavsky, 1985; Felsenfeld, 1992). Constitutive sites are 
usually found in the promoter regions of genes poised for transcriptional activation and 
housekeeping genes, whereas inducible sites are most often associated with concomitant 
transcriptional activation (Stalder et a!., 1980; Tuan et a!., 1985; Forrester et a!., 1986; Gross 
and Garrard, 1988). Both general DNaseI sensitivity and hypersensitivity can be evident prior 
to the onset of gene transcription and can persist after transcription has ceased. Thus at least 
some of the sites seem to reflect the ability of a gene or genes to be transcribed rather than the 
transcriptional activity itself (van Assendelft et a!., 1989; Jimenez et a!., 1992). 

1.3 Regulation of eukaryolic gene expression 

Although all steps involved in expressing a gene can in principle be regulated, for many 
genes the initiation of gene transcription is the most important point of control. 

Regulatioll of eukm)'otic gene transcription 
Transcription is mediated through the interaction of defined proteins (transcription factors) 

with specific regulatory DNA sequences flanking a gene setting up the appropriate conditions 
for the RNA polymerase to initiate transcription. Three different RNA polymerases are 
involved in eukaryotic gene transcription. RNA polymerase I transcribes the genes encoding 
the 28S, 18S and the 5.8S ribosomal RNAs. RNA polymerase II transcribes all genes capable 
of encoding a protein, as well as the genes encoding the small nuclear RNAs involved in 
RNA splicing (classIl genes). RNA polymerase III transcribes the genes encoding the transfer 
RNAs as well as the 5S ribosomal RNA. Since the scope of this thesis is to obtain a better 
understanding of the transcriptional regulation of protein encoding genes, a short and simple 
view of the complex picture of RNA polymerase II transcription that has emerged will be 
discussed. 

Several DNA elements that are required in ds to the coding sequence have been 
functionally defined as elements essential for proper expression of a gene. Promoter 
sequences are required for proper initiation of basal levels of transcription and mark the 
transcriptional start site of a gene. In addition, there are sequences located at a distance from 
the start site of transcription that regulate the activity of promoters. These elements are known 
as silencers or enhancers, and repress or activate promoter mediated transcription, 
respectively (Ptashne, 1986). Enhancers are often part of a locus control region which 
profoundly influence transcription and chromatin structure of entire gene loci. An LCR 
element was for the first time discovered in the human p-globin locus, where the LCR is 
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essential in establishing an open chromatin stmcture in the erythroid lineage and providing 
high levels of expression to cis-linked Il-globin genes (Grosveld et aI., 1987). Subsequently, a 
number of LCRs have been found flanking many eukaryotic genes. 

The multiplicity of factors and DNA control elements involved in the transcription process 
allows virtually unlimited possibilities to achieve accuracy in the spatial and temporal 
activation of gene transcription. The basal transcription machinery and the common 
regulatory sequences flanking eukaryotic protein encoding genes to which nuclear regulatory 
factors can bind, wiII be discussed. 

The basal trallscriptioll1llachillelY and illitiatioll of gene transcriptioll 
III vitro studies show that the building up of the basal transcription machinery starts with 

the orchestrated assembly of a large Ilreinitiation £omplex (PIC) at core promoters 
(Buratowski, 1994; Roeder, 1996). The PIC contains a well-studied collection of basal or 
general !ranscription factors (GTF) including TFIIA, TFIIB, TFIill, TFIIE, TFIIF, and TFIIH 
and RNA polymerase IT holoenzyme. The general transcription factor TFllD consists of a 
TATA-binding protein and eight different IBP ~ssociated factors (TAPs). TFlill is the first 
PIC component to assemble on the promoter through direct recognition and binding of its sub­
component TBP to the TATA box frequently found in core promoters. Binding of TFIill to 
the core promoter is followed by binding ofTFIIA, TFIIB, TFIIF and RNA polymerase II and 
finally TFIIH. There is evidence that more GTFs are involved in promoter recognition. It has 
been shown that TAFI50 (subcomponent of TFIID) can interact with a promoter region 
over/apping the initiator element and that TFIIA can bind to elements just upstream of the 
TATA box (Verrijzer et aI., 1994). The binding of all three factors is thought to contribute to 
promoter strength and selectivity (Verrijzer et aI., 1995). GTF are also the target of various 
activator factors bound to upstream promoter elements or enhancers which mediate their 
activation response through contact with specific subcomponents of the basal transcription 
machinery (Pngh, 1996). Multiple activators can synergise through binding of different 
components of the PIC thereby stabilising their interaction to promoter elements. Initiation of 
transcription starts with melting of promoter sequences and the release or clearance of RNA­
polymerase II from the promoter bound PIC. 

Promoters 
Eukaryotic promoters of protein encoding genes are on average 100 to 200 bp in size, 

located immediately upstream of the transcriptional initiation site, and contain short 
sequences to which transcription factors can bind with the purpose to stabilise and position 
the transcriptional apparatus (Benoist and Chambon, 1981; Serning et aI., 1985; McKnight 
and Tjian, 1986; Maniatis et aI., 1987). Many core promoters contain an AT-rich sequence 
located between 22bp to 30bp upstream of the initiation site, which is dubbed the TAT A box 
(Breathnach and Chambon, 1981). The TATA box positions the basal transcription machinery 
and determines the precise site of transcription initiation. Deletions of sequences that lie 
between the TATA box and the normal start site of transcription give rise to new initiation 
sites (Grosschedl and Birnstiel, 1980a and 1980b; Benoist and Chambon, 1981; Mathis and 
Chambon, 1981; Kovacs and Butterworth, 1986a and 1986b). Some promoters however lack 
a TA TA box and can have either an initiator element or have GC-rich promoter sequences. 
The initiator region generally overlaps the start site of transcription, has a loosely defined 
sequence and determines the initiation site and is capable of producing basal levels of 
transcription (Smale and Baltimore, 1989; Weis and Reinberg, 1992; Gill, 1994; Javahery et 
aI., 1994). GC-rich promoters are frequently found in housekeeping genes and usually have 
multiple sites of transcriptional initiation. 

Additional promoter elements are found upstream of the core promoter and are frequently 
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referred to as !!pstream Q.romoter ~Iements (UPEs). These elements can contribute to the tissue 
specific enhancement or repression of transcription. Binding of activator proteins to upstream 
promoter elements influences the assembly and stability of the promoter bound transcriptional 
apparatus. Stabilisation of the PIC on core promoters can facilitate multiple transcriptional 
initiation rounds through recurrent binding of RNA-polymerase II without having to 
reassemble the PIC all over again, thus increasing the expression of a gene. Some upstream 
promoter elements are common to many eukaryotic gene promoters such as the CCAA T box, 
CACC box and GC rich element frequently called SP I-box, even though these genes show 
very different expression patterns. A variety of ubiquitous as well as tissue and developmental 
stage specific expressed proteins can recognise and bind CCAAT elements and thereby 
contribute to either constitutive or more tissue and stage specific gene expression. Some 
factors that can bind to promoter elements are thought to have a more structural role in that 
they can bend the DNA fiber and allow factors bound to upstream sequences to approach 
core-promoter bound factors (Dyer et aI., 1996). The binding of TBP to the TATA box has 
been shown to bend the DNA fiber adding to the topology and structure of promoter elements 
critical for the onset of transcriptional activation (Kim et aI., 1993). 

Enhancers and silencers 
Enhancers are cis-acting elements which are functionally defined by their ability to 

stimulate the basal level of transcription of an adjacent promoter after the binding of 
particular transcription factors. Enhancers activate the level of transcription in an orientation 
independent manner and relatively independent of the distance from the initiation site (Banjeri 
et aI., 1981; Moreau et aI., 1981; Serfling et aI., 1985; Treisman and Maniatis, 1985; Weber 
and Schaffner, 1985). Enhancers themselves can not initiate transcription, but have sequence 
motifs in common with upstream promoter elements. It is therefore not remarkable that both 
elements can physically and functionally overlap (Muller et aI., 1988; Ho and Leiden, 1990; 
Lin et al., 1993). Enhancers can be found upstream, downstream, or in the body of a 
transcribed unit. Some enhancers flank promoter regions of more than one gene, however 
their function in activating gene transcription can be limited to only a single gene depending 
on the specificity of promoter sequences (Merli et aI., 1996). 

Silencer elements are similar to enhancers in that they contain a combination of sequence 
motifs and function in an orientation and distance independent manner. They differ from 
enhancers in that they have a repressing effect on transcription of genes. Silencer elements 
were first identified in the yeast mating type locus (Brand et aI., 1985) and have now been 
identified in many tissue specifically expressed genes such as the fJ. T ~cell receptor gene, the 
chicken lysozyme gene and the human embryonic e-globin gene (Winoto and Baltimore, 
1989; Baniahmad et aI., 1990; Cao et aI., 1989). 

In the regulation of gene expression, silencer elements co-operate with enhancer elements 
to produce co-ordinate tissue and developmental stage specific gene expression (Huang et aI., 
1993, Trepicchio et aI., 1993). 

Mechanisms of enhancer and silencer ftmctioll 
Different combinations of sequence motifs are important in enhancer activity, suggesting 

that transcription factors bound to adjacent sites interact, and that these protein-protein 
interactions are needed for enhancer activity (Dynan, 1989). Upon binding of a transcription 
factor to its recognition sequence it is thought to change the local chromatin structure via 
disruption or displacement of a nucleosome. Binding of multiple transcription factors to 
adjacent sites in an enhancer might work in synergy to displace the nuc1eosomes and stabilise 
their binding. Once regulatory proteins are bound to the enhancer sequence they are thought 
to influence the assembly or stability of the promoter bound transcriptional apparatus. Several 
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mechanisms for enhancer function have been proposed. Prevailing models suggest that 
enhancer bound protein complexes interact directly via protein-protein contact to the promoter 
bound factors via looping out of intervening DNA sequences. Alternative models predict that 
enhancers only increase the probability of forming a stable transcription complex at the 
promoter by antagonising repressive chromatin structures or can function as nucleation site of 
a transcriptional activity which scans along the DNA fiber (Weintraub, 1988; Walters et al., 
1995 and 1996; Tuan et aI., 1992; Kong et aI., 1997). Enhancers have also been shown to act 
in trails (one al1ele acting on the other allele) to stimulate transcription, a phenomenon called 
transvection. Enhancers have further been shown to stimulate transcription of a p-glohin 
promoter when linked via a biotin-streptavidin bridge (MUller et aI., 1989). Both findings can 
most easily be explained with the looping model rather than the alternatives. Nevertheless, the 
exact mechanism involved in enhancer stimulated transcription is still a topic of debate. These 
mechanisms will be more elaborately discussed later in the context of how the LCR can 
influence transcriptional activity of the individual p-globin genes. 

How silencers repress gene transcription is not known. One can envision several ways in 
which silencers can block the activation function of enhancers. Silencer elements may 
compete for promoter interaction rendering it silent. Interestingly silencers are frequently 
located in closer proximity to promoter regions than enhancers, giving silencers an advantage 
to interact with the promoter. In analogy, silencers may sequester enhancer elements from 
promoter interaction. Silencers may also distort local chromatin structures thereby affecting 
the function of neighbouring regulatory sequences. 

Loclls control regions (LCRs) 
LCRs are defined as regulatory elements that define active domains of gene expression in a 

dominant fashion and are required for the proper regulation of tissue specific expression of 
many vertebrate genes. LCRs resemble classical enhancers in that they contain numerous 
binding sites for transcription factors and can enhance transcription from large distances, 
either up- or downstream of genes and independent of orientation of the transcriptional start 
site (Talbot et aI., 1989; Dillon and Grosveld, 1993; Kioussis and Festenstein, 1997). 
However, LCRs are different from enhancers in that they govern gene expression independent 
of the site of integration in stable cell transfections and transgenic animals (Grosveld et al., 
1987; Blom et aI., 1989). Classical enhancers, on the other hand, are influenced in their 
activity by the site of chromosomal integration presumably due to the effect of the 
surrounding chromatin in which they have integrated (Wilson et aI., 1990). LCRs therefore 
seem to be able to override negative chromatin effects. The first LCR identified was the 
human ~-globin LCR, which provides high levels of erythroid specific expression to a cis­
linked adult p-globin in a copy number dependent, integration site independent manner 
(Grosveld et aI., 1987). The ~-globin LCR consists of five regions of about 200 to 300 bp in 
size, which were identified as erythroid specific, developmentally stable DNase! 
hypersensitive sites (HS), HSI, 2, 3, 4 and 5 (see Figure 3 and 4). It has been shown that 
different HS-sites might provide the LCR with distinct functions as enhancer activity 
predominates in HS2 and chromatin opening activity in HS3. LCR activity on the chicken 
lysozyme gene is provided when the entire gene locus carrying the full set of regulatory 
elements including three enhancers, one silencer and a complex promoter, is used as a 
constmct to make transgenic animals (approximately 20 kb). Deletion of any single HS-site 
from the p-globin LCR as well as deletion of anyone enhancer region in the chicken 
lysozyme locus abolishes position independent expression, suggesting a concept in which all 
HS-sites or enhancers act as a single entity (Milot et aI., 1996; Bonifer et aI., 1994). LCRs 
have now been identified for many other vertebrate genes which are abundantly expressed in 
a tissue specific manner like the rat whey acidic protein gene, human growth hormone, human 
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CD2, chicken lysosyme, mouse methalothionein, mouse T-cell receptor and the human adeno­
sine deaminase (Dale et aI., 1992; Jones et aI., 1995; Greaves et aI., 1989; Bonifer et aI., 1990; 
Palmitter et aI., 1993). 

1,4 Transcriptional regulation of p-glohin gene expression 

In order to characterise DNA regions involved in the regulation of human p-globin genes, 
expression studies have been performed using different assay systems such as patient 
material, transgenic mice, and tissue culture cell lines (discussed below). From these studies it 
is clear that the p-globin locus is regulated at different levels. Introduction of individual gene 
constructs including proximal regulatory elements in transgenic mice provided erythroid 
specific expression with a similar developmental stage specific pattern as their endogenous 
mouse counterparts (Magram et aI., 1985; Chada et aI., 1985; Townes et aI., 1985; Kollias et 
aI., 1986). Thus the cis-regulatory elements that can confer the erythroid and stage specific 
expression appear to be closely associated with the genes. However, additional sequences 
were missing, since the expression of these constructs was very low compared to the mouse 
endogenous globin genes and was independent of copy number. This subsequently led to the 
discovery of the p-globin locus control region at the 5' end of the gene cluster, which 
regulates the entire locus. Thus, the regulation of p-globin gene transcription occurs through 
interaction of erythroid specific and ubiquitous trans-acting proteins with cis-regulatory 
sequences surrounding the gene, that include promoters, enhancers, silencers, and the more 
gene distal regulatory elements of the locus control region (LCR) (Grosveld et aI., 1993). 

Approaches ill the study of III/mall {J-globill gelle regulatioll 
Natural models for the study of tissue specific transcriptional regulation have been 

provided by a large number of genetic defects involving the human p-globin locus that are 
characterised by altered or reduced synthesis of the different p-Iike globin chains and which 
are responsible for a heterogeneous group of genetic diseases known as HPFH and p­
thalassaemias (Collins and Weissman, 1984; Orkin, 1986; Stamatoyannopoulos and Nienhuis, 
1987). Alterations in the genetic constitution of patients can vary from very subtle single base 
pair substitution to large genomic deletions of up to 100kb or more as in the case of Dutch 
and English deletion type thalassaemias. Additional insights into the mechanism of globin 
gene switching have been acquired by the studies of mutations that increase the production of 
foetal haemoglobin in adult blood (Wood, 1993; Rochette et aI., 1994). 

Regulation of p-globin gene expression has been extensively studied using different 
transformed human and mouse erythroid cell lines. The Friend virus transformed Murine 
~rythroleukemia (MEL) cell line is frequently used and represents a mouse erythroid 
precursor cell blocked at the pre-erythroblast stage of its differentiation (e.g. Antoniou et aI., 
1991). These cells can be chemically induced to terminal differentiation when cultured ill 
vitro much like normal red~cell maturation. During induced differentiation MEL cells undergo 
two rounds of cell division and show accumulation of the mouse endogenous adult globin 
chains (a; pmaj and pmin; Marks and Rifkind, 1978), increase in heme biosynthesis, 
chromatin condensation and other morphological changes culminating in a cessation of cell 
division and ultimately anucleation (Volloch and Housman, 1982; Hofer et aI., 1982). MEL 
cells therefore provide an excellent model system for studying erythroid specific regulation of 
gene expression associated with differentiation. Striking similarities are seen between results 
obtained using MEL cells to those obtained ill vivo using mice (Fraser and Curtis, 1987). 
Human cell lines that are commonly used are K562 and human ~rythroleukemia (HEL), 

30 



isolated form a chronic myelogenous leukemia and an erythroleukemia, respectively. Both are 
of an erythroid/megakaryocytic cell type that can be chemically induced ill vitro, though 
unlike MEL cells they cannot go through complete terminal differentiation. Both cell lines 
stably express the embryonic and foetal globin genes (Martin and Papayannopoulou, 1982). 
The use of cultured cell lines has its limitations because they are not nonnal cells due to their 
neoplastic nature. A major disadvantage of using cell lines is that studies on developmental 
aspects of globin gene expression can not be performed. 

The most valuable approach in the study of globin gene switching mechanisms has been 
the development of methods to introduce foreign DNA into the germ line of mice (Gordon et 
aI., 1980; Constantini and Lacy, 1981). Foreign DNA is introduced into the germ-line of mice 
via microinjection of femtogram amounts (lO-lSgram) of DNA into one of the pro-nuclei of 
fertilised mouse eggs. Usually injected DNA integrates at a single random site in the mouse 
genome and as a multicopy head-to-tail tandem repeat which is inherited in a Mendelian 
fashion (Gordon et aI., 1980; Stewart et aI., 1982). The foreign DNA is thought to integrate at 
random with no additional selection for its expression, as is the case in making transgenic ceH 
lines. In addition, the use of transgenic mice allows for temporal and tissue specific studies of 
gene expression during development ill vivo. 

Gene proximal C011trol elements 
The proximal or minimal ~-like globin gene promoter contains three conserved cis­

regulatory sequences which are al1 critical for transcriptional activation in both erythroid and 
non-erythroid cells including a TAT A box around -30, a CCAA T box between -70 and -90 
and a CACC box lying even further upstream at -90 and -110 (Grosveld et aI., 1982; Dierks et 
aI., 1983; Myers et aI., 1986). The TAT A box in all p-globin genes positions the basal 
transcription machinery through the binding of the multi protein basal transcription factor 
TFIID (Antoniou et aI., 1995). In the case of the adult chicken p-globin gene it has been 
reported that the T AT A box can bind the erythroid specific factor GAT A-I (Fong and 
Emerson, 1992). In contrast transfection experiments in MEL cells of DNA constmcts 
containing the human ~-globin gene promoter indicated no functional significance of GATA­
I binding to the TATA box (Antoniou et aI., 1995). Induction of tissue specific regulation of 
transcription is mediated through the CCAAT and the CACC boxes in the minimal promoter 
(Antoniou and Grosveld, 1990). In the case of the human Ii-globin gene mutations in the 
CCAAT and CACC box sequences are thought to be the cause of the low level of Ii-globin 
gene expression. Correction of these two elements into sequences mimicking the sites of the 
p-globin promoter restored high levels, erythroid specific expression of the Ii-globin gene 
(Donze et aI., 1996; Tang et aI., 1997). The y-globin gene minimal promoters differ from the 
p-globin gene minimal promoter in that the y-globin genes have a single CACC box upstream 
of two duplicated CCAAT boxes centred on positions -113 and -86. Point mutations that map 
to these CCAAT elements have been correlated with HPFH conditions suggesting a role of 
these elements in the transcriptional silencing of the y-genes during development (Wood, 
1993). The p-globin gene-promoter contains a single CCAAT box at -75 and duplicated 
CACC boxes centred on positions -105 and -90. Only the most proximal p-globin CACC box 
appears to be necessary for maximum expression and several point mutations have been 
documented which result in decreased expression of the ~-gene in foetal and adult 
erythrocytes as well as in tissue culture cells (Orkin, 1984 and 1988; Treisman et aI., 1983; 
Feng et aI., 1994). 

Several ubiquitously and tissue specifically expressed factors have been identified which 
can bind the CCAAT box in the p-globin promoters with varying affinity namely CPI, CP2, 
NFl, NF-E6, GATA-I and ~CAAT sJisplacement factor (CDF) (Chodosh et aI., 1988; deBoer 
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et aI., 1988; Superti-Furga et aI., 1988; Mantovani et aI., 1989; Berry et aI., 1992). NF-E3 can 
bind to the sequence immediately flanking the distal Ay-globin CCAAT box which is 
abolished in the case of the HPFH condition caused by a base pair substitution at the -117 
position as well as the 13 bp deletion of the distal CCAAT box region (reviewed in Wood, 
1993; Ronchi et aI., 1996; Superti-Furga et aI., 1988; Mantovani et aI., 1989). This suggests 
that NF-E3 may function as a repressor protein preventing binding of other CCAAT binding 
proteins. The CACC box can be recognised by several ubiquitously as well as tissue 
specifically expressed nuclear factors. These include SPI and TEF2fBKLF but in the case of 
the adult p-globin proximal CACC box only the erythroid specific factor EKLF seems to be 
essential (Xiao et aI., 1987; Miller and Bieker, 1993; Crossley et aI., 1996; Perkins et aI., 
1996; Wijgerde et aI., 1996 or Chapter 3 of this thesis). 

Two less well-defined, though evolutionarily conserved, gene specific minimal promoter 
elements have been identified in both the y- and p-globin minimal promoters. In the case of 
the p-gene a direct repeat element (P-DRE) is located between the CCAAT and TAT A boxes. 
The P-DRE consists of a imperfect direct repeat of a 10 bp motif to which a factor called 
pDRf is thought to bind thereby introducing a bend in the DNA helix (Stuve and Myers, 1990 
and 1993). The y-globin promoter has been reported to contain a so called .tage .elector 
~lement (SSE), first identified in the chicken p-globin promoter, which is centred at the -50 
position and held responsible for preferred foetal expression of the y-genes (Choi and Engel, 
1988; Jane et aI., 1992). The SSE is recognised and bound by the .tage .elector llrotein (SSP), 
an erythroid foetal specific protein complex with CP2 as a subcomponent (Jane et aI., 1992 
and 1995). However analysis of transgenic mice in which the role of the SSE was tested 
through simple deletion revealed little to no effect on the expression of the foetal y-genes 
(Grosveld et ai, unpublished). Nevertheless it is thought that some of these differences in the 
minimal promoter regions of the y- and p-genes are, at least in part, responsible for 
developmental specific transcriptional regulation. 

The recognition sequence (TfA)GATA(NG) is found in all p-globin promoters and 
upstream promoter sequences and is recognised by the lineage restricted transcription factor 
GATA-I (previously called NF-EI, Eryf-I or GFI). In addition potential binding sites for a 
wide variety of transcription factors have been identified in the region located upstream of the 
minimal promoter. many of which are important for tissue specific inducible expression of the 
p-globin genes (deBoer et aI., 1988; Antoniou, 1988; Yu et al., 1990; Gong et aI., 1991; 
Gumucio et aI., 1991; Trepicchio et aI., 1993). 

The human y-globin genes have a single enhancer, which is located approximately 400bp 
downstream of the polyadenylation signal of the Ay-gene and comprises about 700bp. The 
enhancer is characterised by two erythroid specific DNase! hypersensitive sites and in 
transient transfections the enhancer can activate reporter genes to various levels (6-23 fold) in 
both erythroid and non-erythroid cell lines (Bodine and Ley, 1987). DNase! protection and 
gel mobility shift assay revealed 8 footprints, of which three are binding sites for the erythroid 
specific activator GATA-l and two are specific for the promoter enhancer factor-l (PEF-I), 
The enhancer has been suggested to act as a silencer since transgenic mice lacking this 
element inappropriately express a low level of 'Y-globin in adult erythroid cells (Enver et aI., 
1989). 

Two human p-globin gene enhancers have been identified that stimulated the level of 
expression of linked reporter genes in transgenic erythroid ceHs and in MEL cells (Behringer 
et aI., 1987; Kollias et aI., 1987; Antoniou et aI., 1988). One element is located around the 
EcoRI site within the third exon (intragenic enhancer) and the other is located dowIlstream of 
the gene (3'enhancer). The 3' enhancer minimal region which has tissue- and stage-specific 
enhancing activity is located within a 250 bp Pst! restriction fragment approximately 600 bp 
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downstream of the polyadenylation signal. DNase! footprinting and mobility shift assays 
revealed four different nuclear protein binding regions each can be recognised by the 
erythroid specific transcription factor GATA-I but also by additional non-erythroid specific 
factors (Wall et aI., 1988). Deletion of the enhancer severely down regulated the expression of 
the adult p-globin gene in transgenic mice (Bungert et aI., 1997). 

A silencer element has been identified between -177 and -392 bp upstream of the human 
E-globin gene promoter (Cao et aI., 1989). Silencing is mediated by the binding of two 
erythroid specific GAT A-I proteins and a ubiquitous YY I protein and deletion of the silencer 
element resulted in continuous expression during late foctal and adult stages (Raich et aI., 
1992 and 1995). However deletion of a 125bp (-304/-179) minimal silencer region containing 
the two GAT A-I and YY 1 sites was also shown to be required for activation of the embryonic 
E-globin and the foetal y-globin genes during the early yolk sac stage of erythroid 
development (Bungert et aI., 1997). 

The humall /3-g/obin/oclls control region 
Evidence for the presence of a region important in the regulation of the entire p-globin 

locus first became apparent from the study of a Dutch y3p-thalassaemic patient and later also 
by studies on Hispanic y8p-thalassaemia (Kioussis et aI., 1983; Driscoll et aI., 1989; see 
Figure 4). The Dutch thalassaemia contained a large deletion (-100kb) which removed 
sequences between 60kb upstream of the E-globin gene to about 2.5 kb upstream of the p­
globin gene (Kioussis et aI., 1983; Taramelli et aI., 1986; van der Ploeg et aI., 1980). The p­
globin gene was stilI intact from the allele that contained the deletion but it was not expressed 
in erythroid cells. Moreover it was shown that the remaining sequences of the deleted locus 
were hypermethylated and DNaseI insensitive, both indicative of silenced regions (Kioussis et 
aI., 1983). Later studies on the Hispanic thalassaemia showed that deletion of the LCR 
affected the chromatin stmcture over a 200 kb region and rendered the locus from normally 
early to late replicating in the S-phase of the cell cycle (Forrester et aI., 1990). DNase! studies 
identified five major erythroid specific developmentally stable DNase! hypersensitive sites 
spread over an approximately 16kb region, 6 kb upstream of the embryonic E-globin gene 
(Tuan et aI., 1985; Forrester, 1986). The functional significance of these DNase! regions 
became apparent when they were used to drive expression of the human p-globin genes in 
transgenic mice (Grosveld et aI., 1987). A 21 kb DNA region covering the whole LCR region 
is called miniLCR and was shown to drive full expression of a linked p-globin gene in 
transgenic mice (Figure 4). The functional activity of the LCR was retained in a 6.5kb 
construct, called microLCR (JlLCR), in which small (I-2kb) regions containing the individual 
5'HS sites were linked together. and tested in transgenic mice and stably transformed MEL 
cells (Talbot et aI., 1989; Figure 4). An additional HS site (3'HS I) was found some IOkb 
downstream of the adult p-gJobin gene. However. studies in transgenic mice showed no effect 
on LCR activity when it was absent and the Dutch and Hispanic thalassaemias in which the 
adult p-geue as well as the 3'HS site are still intact and present, indicated that no major 
functional activity resides at this site. 

The contribution of the individual HS sites to p-globin gene expression was tested in 
transgenic mice (Fraser et ai., 1990) and transient as well as stably transfected tissue culture 
cells (Tuan et aI., 1989; Collis et aI., 1990; Ney et aI., 1990; Moon and Ley, 1991). The main 
activity of the p-globin LCR is associated with HS2 HS3 and HS4 (Forrester et aI., 1989; 
Collis et aI., 1990; Fraser et aI., 1990 and 1993; Lowrey et aI., 1992), which is in agreement 
with the data from the Hispanic y8p-thalassaemia where an intact HS I is still present but does 
not result in detectable LCR activity (Driscoll et aI., 1989). HS2, HS3 and HS4 provided copy 
number dependent, integration independent expression to a linked human p-gene in multicopy 
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transgenic mice (Fraser et aI., 1990). These results indicated that HS3 showed nearly 70%, 
HS2 and HS4 each about 30% while HS I showed less than 10% of full LCR activity. Stable 
transfections in MEL cells of the single LCR HS sites more or less confirmed these results 
(Collis et aI., 1990). In transient transfection assays only HS2 behaved as a classical enhancer 
(Tu.n et aI., 1989). HS3 was the only site able to provide high levels of erythroid specific 
expression to a linked globin gene when integrated as a single copy in transgenic mice 
suggesting that a chromatin opening activity resides in HS3 (Ellis et aI., 1996). In addition, 
experiments in transgenic mice showed some developmental or gene specificity of the LCR 
HS3 and HS4 sites (Fraser et aI., 1993). These experiments suggest that the different 5'HS 
sites have distinct functions and contribute additively to the function of the LCR in regulating 
globin gene expression. Analysis of globin gene expression in transgenic mice containing 
single LCR HS site deletions in 70kb human p-globin locus constructs were shown to be 
prone to position effects due to a crippled function of the LCR. The fact that all sites are 
required for position independence suggests that the individual HS sites have non-redundant 
functions during development and that the LCR acts as a single integral entity. However, 
expression analysis of individual HS site knockouts of the murine p-globin locus showed no 
significant effect on the timing of gene expression and only modest reduction of globin gene 
expression. Deletions of murine HS2 and HS3 resulted in mild reductions of globin gene 
expression in embryonic cells and a 30% reduction of adult p-globin RNA levels (pmaj and 
I3mill together) in foetal and adult red cells whereas deletion of HS I and HS4 showed even 
milder reductions in the level of globin gene expression (Hug et aI., 1996; Fiering et aI., 
1995). These latter experiments suggest that no single HS site has a unique function in gene 
switching but only in the case of HS2 and HS3 are each associated with 30% of the adult p­
globin gene expression in adult red blood cells. A simple explanation for the different results 
could be that the mouse and human loci are not completely homologous in structure and 
function and thus are regulated by different mechanisms. However, the human and murine 
LCR HS 1-4 exhibit great sequence homology in their core regions (>60%) and the structure 
and function of both LCRs seem to be largely conserved (Moon and Ley, 1990; Hug et aI., 
1992; Jimenez et aI., 1992). In addition natural deletion of human HSI does not result in any 
alteration of adult globin gene expression mimicking the murine HS 1 knockout results 
(Kulozik et aI., 1991). A more satisfactory explanation would be that in the case of the 
transgenes the LCR integrates in some cases in a more challenging chromatin environment 
than the native surroundings of the endogenous locus. Integrations into different chromatin 
surroundings can result in a mild to severe reduction of the overall expression due to two 
different types of position effects, namely Qosition ~ffect yariegation (PEV) and a cell timing 
effect (Milot et aI., 1996). The cell timing effect is still under experimental scrutiny and no 
molecular explanation has yet been found. The silencing effect in PEV is envisioned as the 
spreading of heterochromatin from a heterochromatic region which functions as the 
nucleation site of heterochromatin protein assembly. Heterochromatin silencing and the 
chromatin opening and transcriptional activation activity of the human P-LCR are thought to 
be in a continuous competition. A full intact LCR ensures an open chromatin structure and 
active gene transcription in all cells at all times (Milot et aI., 1996). Any HS site deletion 
cripples the LCR such that it looses strength in its competition with heterochromatin 
spreading. This is measured as a drop in the levels of gene transcription and DNaseI 
sensitivity which is reflected at the single cell level by • reduced number of cells with 
transcriptionally active genes. This phenomenon is inherited in an as yet unexplained clonal 
fashion (Milot et aI., 1996). 

In order to understand the underlying molecular mechanisms of human p-globin LCR 
activity. the minimal core fragments of HS2-4 with their protein binding properties have been 
analysed (Figure 4). The regions that retained LCR activity were determined to reside in 200-
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300bp fragments of DNA. These minimal, or so called core regions, were subsequently 
analysed ill vitro (Talbot et aI., 1990; Philipsen et aI., 1990; Pruzina et aI., 1991; Lowrey et 
aI., 1992) and ill vivo (Reddy and Shen, 1992; !kuta and Kan, 1991; Straus and Orkin, 1992) 
for the presence of erythroid specific and ubiquitous transacting factor binding sites. A 
summary of the protein binding sites in the core regions of HS2, HS3, and HS4 of the human 
p-globin LCR is illustrated in Figure 4. All sites contain similar binding sites though in 
different combinations. All HS core regions have closely spaced binding sites for GATA-I, 
several G-rich regions to which factors as Sp I, TEF2IBKLF and EKLF can bind, and AP I or 
NF-E2 consensus binding sites. Strikingly, the same three factor binding motifs are found in 
promoter and enhancer regions of the individual globin genes. In the case of HS3 the minimal 
combination (indicated in Figure 4 as core) that provides position independent expression in 
mice is the presence of two GATA-l sites on either side of a G-rich motif which have been 
shown to be occupied by proteins by ill vivo footprinting in erythroid cells (Philipsen et aI., 
1993; Strauss and Orkin, 1992). The core region ofHS2 contains a dimer of AP-I sites which 
bind the erythroid specific nuclear factor NF-E2. The strong erythroid enhancer activity of 
HS2 has been shown to depend on the presence of the tandem NF-E2 sites (Ney et aI., 1990a 
and 1990b; Caterina et aI., 1994a). NF-E2 was originally identified as an erythroid specific 
DNA binding activity and is a heterodimeric factor that consists of a large basic leucine 
zipper (bZip) subunit (p45) and a small bZip subunit (MafK) (Andrews et aI., 1993a and 
1993b; Igarashi et aI., 1994). The large subunit p45 NF-E2 belongs to the Cap'n'collar 
(CNC)-type bZip protein family with members such as NrflILCR-FlffCFII and Nrf2 
(Caterina et aI., 1994b; Chan et aI., 1993; Moi et aI., 1994). However p45 is dispensable for 
LCR activation and globin gene transcription (Shivdasani and Orkin, 1995). Novel candidates 
as interaction partners for MafK which as heterodimers can bind to NF-E2 sites, have recently 
been found with the discovery of a novel bZip transcription factors called Bach I and Bach2 
(Oyake et aI., 1996). In addition HS2 contains three sites for GATA-I, YYI and USF ill vitro 
(Talbot and Grosveld, 1991; Ellis et aI., 1993). Much of the enhancer activity of HS2 resides 
in the NF-E2 sites though all protein binding sites are required for full HS2 activity (Caterina 
et aI., 1991; Talbot and Grosveld, 1991; Lui et aI., 1992). Except for YY I all sites have been 
shown to bind factors in vivo (lkuta and Kan, 1991; Reddy and Shen, 1992). The core region 
of HS4 maps to a 280 bp region, containing binding sites for the erythroid specific proteins 
GAT A-I and NF-E2 and a number of ubiquitous factors as jun/fos, Sp I and TEF2/BKLF 
(Pruzin. et aI., 1991). 

The minimal requirement through which the LCR seems to be able to drive activated levels 
of expression is the presence of a TAT A box, a CCAAT box and a CACC box in promoter 
regions (Antoniou and Grosveld, 1990). The LCR has been shown to drive expression of 
heterologous promoters in an inducible erythroid specific manner of the herpes simplex virus 
thymidine kinase promoter, the murine Thy-I promoter and a minimal hsp68 promoter which 
all contain functional CCAAT, CACC and TATA boxes (Talbot et aI., 1989; Blom et aI., 
1989; Tewari et aI., 1996). However the LCR does not activate expression from the murine 
histone H4 promoter which seem to reflect the absence of these two elements (Antoniou and 
Grosveld, 1990). 
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I2p: The lines above the human p-globin locus indicate the deletion breakpoints of the Dutch (van dec Ploeg et 
ai., 1980) and Hispanic (Driscoll el aI., 1989) ySp-thalassaemias relative to the genes and the DNase! 
hypersensitive siles (vertical arrows with number) of the LCR (Tuan et ai., 1985). 3'HS site is also shown and is 
located more than 20 kb downstream of the adult p-genc. Middle: The p-globin minilocus consists of a 21 kb 
LCR fragment containing all five major 5'HS sites and a J2 kb fragment with 3'HSl which were cloned 
upstream and downstream of the human adult fl-globin gene, respectively (Grosveld et aI., 1987). In the case of 
the fl-globin microlocus, the individual HS sites were cloned as small 1 to 2 kb fragments upstream of the human 
adult p-globin gene which in transgenic mice gave similar LCR activity as the minilocus construct (Talbot et aI., 
1989). Bottom: Schematic summary of the protein factor binding sites in the minimal regions harbouring LCR­
like activity of the HS2, HS3, and HS4 regions. Shaded boxes indicate binding sites for erythroid specific 
factors, black boxes indicate binding sites for ubiquitous factors. Arrows indicate the direction of the minimal 
DNA sequence motif recognised by GATA-l. The DNA fragment containing the minimal combination of 
transcription factors which is still able to provide copy number dependent expression is dubbed the core of HS3 
and is indicatcd by a thick black line (Philipscn ct aI., 1992). 
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Trans~actillg factors ill the regulation of human f3~globill gene expression 
Most transcription factors contain a DNA binding domain and a separable activator or 

repressor domain (Mitchell and Tjian, 1989). Swapping experiments have shown that these 
two domains can frequently be separated from each other and still remain functional. Most 
transcription factors are grouped into families, which share a common stmcture or function 
based on homologies between DNA binding or protein~protein interaction domains. Although 
no strict correlation is seen between the function of the regulatory domain 
(repressor/activator) and the amino acid composition, activator domains have been frequently 
found to be rich in acidic, glutamine or proline amino acid residues, while repressor domains 
have been found to be either rich in basic amino acids or alanine rich (Han and Manley, 1993; 
Saha et aI., 1993; Licht et aI., 1994). 

The fact that stage and tissue specific factors play an important role in globin gene 
regulation has been unambiguously shown in expression analysis in interspecific 
heterokaryons formed between fusions of adult specific MEL cells and embryonic/fetal 
specific human erythroid K562 cells, or a variety of non-erythroid cell types (Baron and 
Maniatis, 1986). The nuclei in transient heterokaryons do not fuse and therefore the rapid 
reprogramming of globin gene expression that was observed must occur in trails through the 
action of erythroid stage specific nuclear factors. This indicates that switching in the 
expression of the human globin genes during development is, at least in part, regulated by the 
action of stage and tissue specific activators and repressors. 

The different globin gene promoters, enhancers, silencers and elements of the Il-globin 
locus control region bind a strikingly limited array of transcription factor proteins often with 
similar and closely spaced binding sequence arrangements. A number of factors that bind to 
the regulatory cis~elements have been isolated from erythroid cells through their specific 
DNA sequence binding activities using various ill vitro DNA binding assays. These factors 
can be divided into those that are expressed exclusively in the erythroid lineage, such as 
GATA-I, NF-E2, EKLF, TALl/SeLl, RBTN2 and NF-E4, and more widely expressed 
transcription factors in erythroid cells, such as GATA-2, YYI, Spl and TEF2IBKLF 
(reviewed in Bungert and Engel, 1996; Baron, 1997). Numerous experiments have been 
carried out on the activity and function of these proteins. In this discussion, I will limit my 
attention on only three erythroid specific factors and one non~erythroid factor, namely 
GATA-I, EKLF, NF-E2 and Spl, respectively. 

GAT A-I was the first erythroid specific transcription factor to be identified and cloned and 
recognises the consensus sequence (T/A)GATA(NG) found in most if not all regulatory 
sequences of the Il-globin locus (Tsai et aI., 1989; Evans and Felsenfeld, 1989). However, 
later experiments have shown that GAT A-I is also expressed in uncommitted haemapoietic 
precursor cells, megakaryocytes, eosinophils, mast cells and Sertoli cells. GATA-I is the 
founding member of a family of GATA transcription factors that share homology in their 
DNA binding domain, which consists of two highly conserved zinc fingers. The amino acid 
sequences outside these finger domains have not been conserved. GAT A-I can activate 
transcription upon co~transfection with reporter gene constmcts. GAT A-I can also synergise 
and associate with many other factors present in erythroid cells such as YY 1, Sp 1 and EKLF, 
and frequently binding sites for these proteins are found in close proximity. Genetic ablation 
of GAT A-I expression through homologous targeting in ES cells, revealed an essential role of 
GAT A-I during erythroid differentiation (Pevny et aI., 1991). Additional experiments which 
make use of chimaeric mice between normal and GATA-I targeted ES~cells showed that the 
arrest of erythroid differentiation takes place at the proerythroblast stage (Simon et aI., 1992). 
Interestingly, GATA-2 is upregulated in GATA-I homozygous knockout mice and 
overexpression of GATA-2 in avian erythroid cells resulted in an arrest of erythroid 
differentiation and a higher level of proliferation of erythroid precursor cells (Briegel et aI., 
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1993; Weiss et a!., 1994). GATA-2 is more widely expressed. Homozygous knockout mutant 
mice and chimaeric (normal plus knockout ES cells) mice have implied an important role for 
GATA-2 in proliferation of early haematopoietic progenitor cells (Tsai et a!., 1994). 

Erythroid Kriippel-like factor (EKLF) was isolated after enrichment of erythroid cell 
specific transcripts by subtractive cloning between a mouse MEL cell line and a mouse 
monocyte macrophage cell line (Miller and Bieker, 1993). Later the human homologue was 
isolated which shows a great degree of stmctural and sequence homology (Bieker, 1996). 
EKLF contains three zinc fingers with homology to those found in the Kriippel family of 
transcription factors able to recognise and bind the DNA sequence CCACACCCT, an 
essential element in the adult p-globin promoter and related regulatory sequences (peng et a!., 
1994). Subsequent co-transfection studies in K562 cells demonstrated that EKLF prefers to 
activate a reporter gene driven by the adult p-glohin promoter over one that drives expression 
of the human y-gene promoter (Donze et a!., 1995). Naturally occurring point mutations that 
map to the p-globin CACC box have been implicated as causative of severe p-thalassaemias 
(Reviewed in Thein, 1993). Testing three CACC box mutations which are known to give rise 
to thalassaemic phenotypes in human, revealed reduced trans activation of linked reporter 
genes by EKLF (peng et a!., 1993). Although EKLF is expressed in primitive as well as in 
definitive erythroid cells (Southwood et a!., 1996), targeted disruption of the EKLF gene in 
murine ES cells revealed only an essential role in adult (l-glohin gene expression (Nuez et al., 
1995; Perkins et a!., 1995). EKLF-/-mice are normal during embryonic stages, but die illlltero 
around days 14-15 of gestation from a severe anaemia due to an almost complete lack of adult 
p-globin gene expression. In a search for additional CACC box binding transcription factors a 
new KrUppel family member was identified called BKLF (Crossley et a!., 1996). BKLF was 
shown to correspond to a gel shift activity called TEF2, which was first described in the 
context of the SV40 enhancer. BKLF is more widely expressed including primitive and 
definitive erythroid cells and can bind with high affinity to many different CACC sequences 
found in erythroid promoters. This suggest that BKLF might be a good candidate protein for 
the regulation of other genes containing a CACC box like the murine embryonic genes. 

Spl is a well-characterised transcription factor that has been implicated in the regulation of 
expression of numerous genes by ill vitro and ill vivo assays. Sp 1 belongs to the growing 
family of proteins with homologous zinc finger domains that can recognise and bind GT or 
GC rich sequences. Several such sequences are found throughout the human p-globin locus 
including the core regions of the p-globin LCR HS elements. Recent analysis from our lab 
indicated that the globin genes are normally expressed in Spl homozygous knock out mice 
(Marin et a!., 1997). This either suggests that either Spl is not important in the regulation of 
the globin genes, or another factor(s) can substitute for Spl, with candidates EKLF, 
TEF2/BKLF or Sp3. 

The transcription factor NF-E2 was originally identified as an erythroid specific binding 
activity expressed in erythroid, megakaryocytic, and mast cells and shown to bind a subset of 
API/NF-E2 like sequences (Mignotte et a!., 1989; Andrews et aI., 1993a). NF-E2 has been 
shown to be an obligate heterodimer between the haematopoietic specific p45 protein and the 
ubiquitously expressed pl8-maf protein, both members of the basic leucine zipper family of 
transcription factors (Igarashi et a!., 1994; Andrews et aI., 1993a and 1993b). NF-E2 binding 
sites have been identified in each of the LCR HS sites and shown to be particularly important 
in the enhancer function of the p-globin LCR HS2. The pl8 or MafK subunit belongs to the 
small Maf family of bZIP transcription factors which have been shown to be able to switch 
from transcriptional repressors to activators depending on the dimer composition (Igarashi et 
a!., 1994 and 1995; Kataoka et aI., 1995). The p45-NF-E2 subunit belongs to the Cap'n'collar 
(CNC)-type bZIP protein family which includes Nrfl/LCR-FI and Nrf2. P45-NF-E2 is 
abundantly expressed in haematopoietic cells and thought to play an important role in globin 
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gene expression and erythroid development. Homozygous disruption of the p45-NF-E2 gene 
in mice reveals a defective megakaryopoiesis and thrombopoiesis. However erythroid 
development was practically normal with only very mild red cell abnormalities and a slight 
decrease in erythroid haemoglobinisation (Shivdansani et aI., 1995a and 1995b). It is possible 
that its genetic loss can be compensated by the erythroid co-expressed Nrf-I, Nrf-2 or the 
more recently identified novel member of the small bZip transcription factors Bach I (Oyake 
et aI., 1996). Deletion of both NrfIILCR-FI genes demonstrated that this bZIP protein is 
essential for mesoderm formation in mice (Farmer et aI., 1997). In addition, NrfIILCR-FI­
wild type chimaeric mice were normal suggesting a non~cell autonomous role and implying 
that its function could be compensated by one of its family members or that it only regulates 
genes encoding intercellular molecules. Bach 1 is expressed ubiquitously and has been shown 
to heterodimerise with the small MafK NF-E2 subunit and to bind and function as a 
transcriptional activator in transfection assays using reporter constructs containing the NF-E2 
binding sites from the chicken p-globin 3' enhancer in chicken fibroblast cells (Oyake et aI., 
1996). This new member of the small Maf family of bZIP proteins might be a good candidate 
to playa role in the transcriptional regulation of the globin genes. 

1.5 Developmental regulation of the human p-globin locus 

Many of the cis- and fralls-acting components involved in the erythroid specific 
transcriptional activation of the human p-globin genes have been identified and described in 
the previous section. However what role these components play and how the individual globin 
genes are regulated in their stage specific expression has been addressed by transgenic studies 
which will be discussed here. 

Autonomous versus competitive regulatioll 
When the expression patterns of the individual genes were tested in the absence of the 

LCR, the E-globin gene was not expressed (Shih et aI., 1990). The y- and p-genes were 
expressed in embryonic and foetal/adult stages, albeit at very 101V levels compared to their 
murine counterparts (Magram et aI., 1985; Townes et aI., 1985; Kollias et aI., 1986; Chada et 
aI., 1986). Subsequently, expression studies of the individual globin genes linked in cis to the 
LCR showed partial reconstruction of correct developmental contro1. In transgenic mice and 
in differentiating embryonic bodies, a single embryonic e-globin gene linked to the LCR is 
expressed, like its murine structural homologue ey, at a high level in primitive erythrocytes 
(Fraser, unpublished; Lindenbaum et aI., 1990) even when linked to a partial LCR (Raich et 
aI., 1990; Shih et aI., 1990 and 1993). They-globin gene, like its murine structural homologue 
pHI, is expressed in the embryonic yolk sac. However, unlike the pHI-gene, the y-gene is 
expressed during early foetal liver stages and is silenced around day 16 of development to 
remain silent in the adult stage (Dillon and Grosveld, 1991). This implies that both genes are 
regulated autonomously during development in which the proximal control elements of the E­
and y-giobin genes in combination with the LCR seem to be sufficient to direct correct 
developmental stage specific expression, including their silencing at the appropriate stages. 

Several candidate binding sites for the action of repressor proteins have been identified, 
though the exact silencing mechanisms still remain unsolved. A putative silencer element is 
located in the upstream region of the embryonic e-globin gene promoter between -177 and-
392 of the transcriptional start site (Cao et aI., 1989). Deletion of the silencer region results in 
the continued but very low expression of the e-globin gene during fetal and adult stages 
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(Raich et ai., 1992). Genetic data revealed that several point mutations that are spread 
throughout the promoter regions or a small deletion can alleviate the autonomous silencing of 
the foetal y-globin genes. Several mutations map to the distal CCAAT box but have also been 
mapped to regions further upstream (reviewed in: Wood, 1993; Rochette, 1994; Pissard et ai., 
1996). 

The human J3-globin gene when directly linked to the LCR is prematurely and aberrantly 
expressed at high levels in embryonic red cells (Enver et ai., 1990; Behringer et ai., 1990). 
However, similar to its murine counterparts, the human gene is expressed at a high level in the 
definitive erythroid cells (Grosveld et ai., 1987; Blom van Assendelft et ai., 1989). Additional 
experiments in transgenic mice showed that the premature embryonic expression of the adult 
J3-globin gene is abrogated by competition for the LCR by inserting either a y- or an a-globin 
gene in between the LCR and the J3-gene (Behringer et ai., 1990; Enver et ai., 1990; 
Hanscombe et aI., 1991). This suggests that the genes compete for the activation function of 
the LCR. In experiments described by Hanscombe et ai., 1991 the order of the genes in 
relation to the LCR was reversed, which altered the developmental patterns of gene 
expression. This indicates that the relative distance or gene order in relation to the LCR is an 
important parameter in determining the level of gene expression. Similar reciprocal changes 
in the level of gene expression were detected in non-deletion HPFH patients in which an 
increased level of 'Y-gene expression caused by a mutation in the y~promoter sequence are 
accompanied by a reciprocal and equivalent decrease in the level of the distal J3-globin gene in 
cis (Berry et ai., 1992). These data strongly suggest that the genes compete with one another 
for the activation function of the LCR. During developmental periods of gene switching 
transgenic studies have shown that all the genes compete for LCR activity in a reciprocal 
fashion. The ordered arrangement of the genes provides the locus with a structural polarity in 
which a gene more proximal to the LCR has a competitive advantage to be activated by the 
LCR over a more distally located gene (Hanscombe et ai., 1991). In addition to LCR 
proximity, also stage specific transcription factor environment has an important influence on 
determining the level of expression of the different globin genes during development. First of 
all the stage specific silencing of the e- and y-globin genes is thought to be due to stage 
specific repressor proteins. Also the experiments described by Hanscombe et ai., 1991 clearly 
indicated a preference for 'Y~ and p~gene expression in primitive and definitive erythroid cells, 
respectively. In the embryonic lineage the y-gene is expressed at fairly high levels when 
placed at a distal position from the LCR in relation to the cis-linked J3-gene however in 
reversed order the J3-gene is completely silenced. 

Parallels in the regulation of human globin gene switching has often been drawn with the 
chicken locus where competition of globin genes for a shared regulatory element was first 
observed between the chicken pA_ and e~globin genes in transformed primitive and definitive 
erythroid cell lines (Choi and Engel, 1988). The shared enhancer was shown to function as an 
LCR-like element (Reitman et ai., 1990) and is located between the adult J3A_ and embryonic 
e-globin genes at almost equal distance from both promoters (Choi and Engel, 1988). When 
linked as a single gene to the enhancer, the adult pA -gene seems to be autonomously regulated 
at its correct developmental stage whereas the e~gene is expressed in both transfected 
primitive as well as definitive cells (Choi and Engel, 1988). For correct embryonic-restricted 
expression of the e-globin gene the presence of a cis-linked adult J3-globin gene is required. 
Moreover mutation of individual promoter elements in the chicken p-globin gene leads to 
reciprocal changes in the expression of the e- and J3-globin genes (Foley and Engel, 1992). 
Duplication of the intergenic enhancer region by creating a tandem repeat at its original site 
resulted in the expression of both genes in definitive erythroid cells suggesting that the 
duplicated enhancers can function as separate entities activating both genes thereby removing 
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the competition (Choi and Engel, 1988; Foley and Engel, 1992). 
Additional evidence for directional competition in globin gene expression comes from 

studies on the mouse p-globin locus (Skow et aI., 1983). In adult mice, the /3maj and /3mill 
globin genes are the only active adult p-globin genes, which are expressed at 80% and 20% of 
the total adult p-globin gene expression, respectively. Mice homozygous for an insertional 
mutation, which disrupts the adult /3l1/aj gene, are anaemic and die perinatally (Shehee et aI., 
1993). However, mice homozygous for a 3.3 kb deletion of the proximal adult /3l1/aj gene 
including its regulatory sequences revealed an that pmin globin synthesis in relation to r:t.­
globin gene expression was upregulated to about 50% in heterozygous and 75% in 
homozygous knockout mice, which survive normally (Skow et aI., 1983). 

Taken together, these observations lead to the proposal that the most important regulatory 
control in the developmental stage specific expression of the human globin genes is the 
suppression at the correct developmental stage of the embryonic e- and foetal y-glohin genes 
(Dillon and Grosveld, 1991). However, the role of stage specific repressors does not account 
for the silencing of the 'Y-genes during early embryonic and the p-gene during early embryonic 
and fetal stages of human erythroid development, but this silencing rather seems to be the 
result of a normal location in the locus and competition with more proximal genes for the 
activation function of the LCR. This model suggests that activation of gene transcription is 
directed through direct LCR-gene interactions at all stages of development (Hanscombe et aI., 
1990; Figure 5). During embryonic stages the LCR preferably interacts and activates the most 
proximal embryonic e-globin gene due to its competitive advantage. A switch from €.- to "(­
gene expression is realised through negation of LCR e.-globin gene interactions allowing the 
LCR to interact and activate the y-globin genes. The second switch in globin gene expression 
is realised through suppression of LCR 'Y-gene interactions in the adult, allowing for the p­
gene to interact with the LCR (Figure 5). Polarity of LCR-gene interactions are due to relative 
proximity and thus the volumes in which the LCR-gene interactions operate, which 
determines the frequency of interactions while the transacting factor environment determines 
the strength of the interactions. Switching in gene expression during development in such a 
model would be smooth, keeping the total output of the p-Iocus constant and in balance with 
the output of the r:t.-Iocus. 

Generation of mice canyillg the full and mutant hUmall f3-g1obi1l1ocus 
/n vitro ligation of two overlapping cosmids from the human p-globin locus produced a 

70kb constmct containing the full locus, which was introduced into transgenic mice 
(Strouboulis et aI., 1992a and 1992b). The expression patterns of the human globin genes are 
quite similar to the patterns of expression discussed above and are illustrated for both the 
human and murine globin genes in Figure 6. The behaviour of the human P-locus in 
transgenic mice is in two aspects different from its behaviour in human. First, the more distal 
y-globin genes are expressed at the earliest embryonic stages in the yolk sac at higher levels 
than the e.-globin gene. This can not be explained by simple competition, but may be caused 
by changes in the expression of at least one transcription factor which must have taken place 
in the process of fetal recmitment of the y-genes in humans since mice do not have a typical 
fetal expressed globin gene (Strouboulis et aI., 1992). A second difference is seen in the 
timing of y- to p-gene switching normally occurring around birth in human, which in mice, 
however, takes place in the early foetal liver. Expression of the transgenic human globin 
genes is similar to the expression of the endogenous genes in humans, and characterised by 
two major gene switch events resulting in two periods of overlapping gene activity. Initially 
during embryonic stages in the primitive erythroid cells the E- and ,,(-genes are co-expressed, 
whereas during early foetal stages the ,,(-and p-genes are simultaneously active. Detection 
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analysis of protein products of the different globin genes in single red blood cells during the 
pedods of gene switching showed co-expression of E and y polypeptides in single primitive 
red cells and y and p polypeptides in single definitive red cells, during early fetal stages of 
erythropoiesis (Strouboulis, 1994 PhD thesis; Fraser et aI., 1993). This suggests that during 
switching a single red cell is not necessarily predetermined to express either gene singularly, 
but can express both genes during its life span. This is in agreement with the detected co­
expression of fetal and adult haemoglobins in human fetal cells and adult F·cells 
(Stamatoyannopoulos and Nienhuis, 1987). 
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Figure 5. Model for regulation of gene expression in the human P-globin locus in the embryonic, fetal and 
adult stages of development (Grosveld ct aL, 1993), 
An X indicates that the interaction between the LCR and the genes is blocked, which is thought to be caused by 
developmental stage-specific repressors binding to "most probably" promoter sequences. An arrow indicates a 
productive interaction. This Figure only indicates the LCR gene interactions which are preferred at each 
developmental stage. The y-glohin genes are already expressed during embryonic stages and the ~-gene during 
fetal stages though at relatively low levels, 
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Figure 6. The organisation and developmental expression pattern of the human and mouse f3-globin genes. 
The graph shows the developmental pattern of mRNA expression of the human f3-globin genes in single copy 
transgenic mice in comparison to the mouse endogenous f3-globin genes (Strouboulis et aI., 1992). 

When integrated into the murine genome, the human p-globin locus behaves quite similar 
to the endogenous mouse locus and to the human locus in its native environment in human red 
cells. Moreover, expression analysis, during mouse development, of two yeast artificial 
chromosomes (YACs) with a length of 150kb and 248kb and containing the full intact human 
p~globin locus, showed a very similar pattern as discussed above for the transgenic mice 
containing the 70kb human ~-Iocus (Gaensler et aI., 1993; Peterson et aI., 1993a and 1993b). 
Therefore these single copy human globin transgenic mice are thought to represent good 
models for studying regulatory aspects of developmental human globin gene expression, and 
have been used as a model in three out of the four studies discussed in the following chapters 
of this thesis. 

Similar methods were used to produce transgenic animals in which a genetically marked p­
gene was located at two different relative positions in the otherwise intact full length human 
~-globin locus (Dillon et aI., 1997). The marked p-gene (~m) in one constmct was exchanged 
with the E-gene (MLl) and in the other constmct inserted upstream of the a-gene (ML2). In 
this way the effect of gene position in the locus was directly tested and some additional 
conclusions were made concerning the activation of the genes by the LCR. Comparison of the 
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expression patterns during development indicated that all genes compete for the activation 
fnnction of the LCR at all stages with an LCR-proximal gene having an advantage over a 
more distally located gene. This confirms the existence of polar competition in the context of 
the complete Il-globin locus. When the Ilm gene is in the e-position it competes more 
effectively with the fetal y-genes than the e-gene, suggesting no additional negative elements 
within the 2kb of flanking regions on either side of the Il-gene which can silence the gene in 
primitive erythroid cells. This confirms that the Il-gene is kept silent during embryonic and 
fetal stages of development by competition as a result of its distal position in the locus. 
Comparing the levels of expression produced by the marked (Ilm) and wild type Il-genes (Il) 
in adult blood showed that their relative expression levels changed with relative distances of 
the genes to the LCR. This result implies a more stochastic activation mechanism, which can 
be envisioned when direct interactions between the LCR and the genes are required for 
activation of transcription. The total output of both mutated loci, which is the sum of Ilm plus 
Illevels, was similar to that of the wild type locus. This resnlt indicates that the competition 
between the genes for activation by the LCR is balanced, and provides support for the fact 
that the LCR acts as a single larger entity or 'holocomplex' interacting with a single gene at a 
time rather than with multiple genes simultaneously. 

1.6 Aim of the project 

The Il-globin locus adopts a fully active euchromatic configuration exclusively in the 
erythroid lineage. Once the chromatin structure is open, f}-globin gene transcription is 
dependent on the interaction of transcription factors to at least three types of cis-regulatory 
elements located within the f}-globin domain: the promoters including upstream promoter 
elements, the globin gene enhancers and the LCR. I have discussed a model in which the 
individual LCR HS elements act together as a single functional unit or 'holocomplex', which 
subsequently interacts preferentially with the most proximal transcriptionally competent gene 
via looping. However two additional alternative mechanisms have been considered for the 
transcriptional activation of the human Il-globin genes. The three models are described as the 
accessibility model, the scanning or tracking model, and the looping model and have been 
considered for the action of classical enhancer elements on nearby promoters. The models are 
schematically illustrated in Figure 7. The accessibility model implies that the only function of 
the LCR is to set up and maintain the entire locus in an open chromatin structure. The genes 
in the locus would then simply be accessible to the binding of transcription factors and thus be 
transcribed in a stochastic fashion (Groudine and Weintraub, 1982; Martin et aI., 1996). Since 
the dimensional aspects of the locus would not playa role in the regulation of the genes, an 
additional mechanism called transcriptional interference was proposed, which states that 
transcriptional activity of an upstream gene in the locus can interfere with the transcriptional 
activity of a downstream gene. Globin gene switching would be a result of the gradual change 
in the frequency of the on and off response of the transcriptional activity of a gene as a result 
of the changing transacting factor environment. The scanning or tracking model proposes that 
the LCR functions as an entry site for the binding of the transcriptional machinery, which 
would scan along the DNA. Activation is unidirectional in that it would preferably activate 
the first promoter that it scans into which upon the right transacting factor environment is 
rendered transcriptionally active (Herendeen et aI., 1992; Tuan et aI., 1992). In the looping 
model, transcriptional activation requires that the LCR participates in direct chromatin 
interactions with gene proximal regulatory sequences of a single gene (Ptashne, 1988; Bickel 
and Pirotta, 1990; Mueller storm et aI., 1989; Folley and Engel, 1992; Dillon et aI., 1995). 
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Since the looping model predicts that the LCR gene interactions operate in a three­
dimensional manner, transcriptional activation will heavily depend on the relative distance to 
allow the LCR to interact stochastically with a gene that is rendered transcriptionally active 
by the proper transacting factor environment. 
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Figure 7. Three models that have been proposed to provide an explanation for how the distant p-globin LCR 
activates the individual p-globin genes during development. 
How the models mechanistically explain the activation effect of the P-LCR over long distances is discussed in 
the text above. The filled squares indicate genes and the arrow indicates a transcriptionally active gene. The 
gradual increase in space between the small vertical lines underneath the accessibility model indicates that the 
proposed transcriptional interference caused by transcriptional activity of an upstream gene decreases with 
distance. 

The occurrence of competition in the regulation of the p-globin cluster of genes implies 
that at least part of the developmental specificity provided by the LCR is the result of 
differential interaction with the genes. Promoter competition for a shared enhancer region has 
been observed in the regulation of numerous other genes and seem to represent more of a 
general principle in the action of an enhancer when shared by multiple genes. Enhancer 
sharing, selectivity and competition have been reported as general mechanisms occurring 
between the Hoxb4 and Hoxb5 genes and the Hoxb5 and Hoxb6 genes, in order to generate 
the proper spatial and temporal patterns of Hox gene expression (Sharpe et aI., 1998). 
Temporal co-linearity was challenged when Hoxd9 or Hoxdl1 were transposed to a similar 5' 
position in the Hoxd cluster, indicating the existence of enhancer sharing between 
neighbouring genes (van der Hoeven et a!., 1996), These mechanisms have been proposed to 
underlie the maintenance of the clustered organisation of the Hox genes throughout evolution. 
Furthermore, gene competition for a common set of enhancers has been proposed to explain 
the reciprocal imprinting of the murine H 19 and Jgj2 genes (Bartolomei and Tilghman, 1992). 
This has been elegantly confirmed through the addition of an extra set of enhancers in the 

45 



intergenic region through homologous recombination which relieved the silencing of the 
maternally inherited /gj2 allele implying a relief of competition (Webber et aI., 1998). Thus it 
seems that a similar competition mechanism as we have observed in the human p-globin locus 
underlies the regulation of the Hox, H19 and /gj2 genes and probably many other gene 
clusters as well. Trying to elucidate what molecular mechanisms underlie gene competition 
for common regulatory elements is thus a matter of general interest. 

During my PhD studies, I was mainly concerned with the experimental design of how we 
would be able to distinguish between the three transcriptional activation models. First we 
addressed how transcriptional activation dynamics regulate globin gene transcription during 
stages of globin gene switching and what the implications could be for how the LCR activates 
the individual globin genes. A key question is whether only a single gene is active at a time or 
multiple genes simultaneously. Two different labs have proposed that the LCR can activate 
multiple genes simultaneously, based on the presence of multiple mRNA species within 
single erythroid cells (Furakawa et aI., 1994 and 1995) and on the presence of accessibility to 
restriction endonucleases that cleave both y-gene promoters at a high percentage in erythroid 
nuclei (Bresnick et aI., 1994; Furakawa et aI., 1995). Detection of globin mRNA or 
polypeptides are not reliable indicators of active gene transcription, due to their long half 
lives. Neither is restriction nuclease accessibility since its is not necessari1y linked to 
transcriptional activity. We considered that the only way to distinguish between single versus 
multigene activity, is by looking within single cells at a relatively short lived event which is 
closely linked to the transcriptional activity of a gene. Taking these considerations into 
account we developed a sensitive fluorescent in situ hybridisation (FISH) technique which 
allows for detection of gene specific intron RNA sequences (RNA FISH) in the nucleus of a 
single red cell at the site of transcription (Chapter 2). Intron sequences can be found in 
nascent transcripts and in full length primary transcripts, which are rapidly spliced out to form 
short lived intron lariats. These intron containing RNA intermediates are both temporally and 
spatially associated with the transcriptional event, and their short half lives make them good 
indicators of concurrent or very recent transcriptional activity. Throughout our studies we 
made use of this RNA FISH technique in order to study the transcription dynamics of globin 
gene competition in transgenic mice. The results in Chapter 2 show that gene transcription in 
the human p-globin locus is an all or nothing event in that a gene is either fully active or 
silent. Only a single gene is active at a time in cis and multigene expression in single cells is a 
result of alternate transcription of single genes. As described in Chapter 5 we extend these 
analyses by following a novel kinetic approach in which we use transcriptional inhibition and 
release in conjunction with RNA FISH. This study confirmed that multiple globin-gene 
primary transcript signals in cis represent a transition between alternating periods of single 
gene transcription rather than co-initiation of multiple genes in the locus. In Chapter 3 we 
studied the role of EKLF in gene competition between the 'Yand p genes for LCR activation in 
compound EKLF knockout and human p-globin locus transgenic mice, to further unravel the 
mechanism of developmental regulation. In Chapter 4 we augmented our understandings of 
the role of EKLF during development, and it is shown that EKLF rather than SPI is the 
activator that binds the CACC element in LCR HS site 3. I will discuss how the results 
presented in this thesis in combination with additional recent advances and previously 
obtained results argue in favour of the LCR holocomplex or looping model. 
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Distant regulatory sequences affect transcription through long·range chromatin Interactions. 
Visualization of transcriptional activity of genes that compete for distant elements, using the 
globIn locus as a model, has revealed the dynamics of chromatin Interactions In vivo. Multiple 
genes appear to be transcribed alternately rather than at the same time to generate several 
messenger RNAs In one cell. The regulator may stably complex with one gene at a time and 
switch back and forth between genes In a fIIp·flop mechanism. 

MAl'Y genes are dependent for expression on the presence of 
distant regulatory elements which may be tens of thousands of 
base pairs away. The fh·e human p-globin genes are arranged in 
the order of their developmental expression (e_GY_Ay.1i_P)1 and 
all are dependent on the locus control region (LCR) for high­
le\·el, position.independent expression24

• The LCR is located 
OH~r 50 kilo bases (kb) upstream of the p.globin gene and consists 
of five DNase I-hyp.:rsensitjve sites (HS)'·$·1. The most impor­
lant sites in terms of transcriptional activation are HS 2.-4 (refs 
8. 9 and J. Ellis et af., manuscript submitted), each having a 
core region of 200-300 base pairs (bp)ICl-14. 

Transcriptional competition between genes lS
•
16 is important in 

uh'C in determinmg the pattern of globin gene expression during 
de\·elopmene1 m (N. Dillon et af., manuscript 5ubmilled). All 
of the genes are in polar competition for the activating function 
of the LCR at all stages of development, with proximal genes 
having an advantage over distal genes, suggesting that the LCR 
interacts directly with the genets) by a looping mechanism. 

The distal p.globin gene is transcriptionally competent at all 
stages of deH!opment, but its expression is suppressed in 
embryonic erythroid cells by the lCR proximal &- and y-globin 
genes. Expression of the p-gene occurs only afier silencing of 
the &- and y-genes, presumably by multiple silencing elements 
in the sequences immediately flanking the genes21

-
23

• In contrast 
to models proposing that different HS regions of the lCR inter· 
act with different genes at the same timeH

, we have proposed 
that the LCR HS elements interact to act together or form a 
holocomplex which then interacts \~ith proximal transcription­
ally competent genes \'ja looping (ref. 9 and J. Ellis et (II., submit­
ted). The LCR holocomple.>;: model would explain why the 
activity of the HS is additive and why each of the genes requires 
all of the HS for full ellpression. Most important, it would 
explain the fact that there is balanced competition between the 
genes for lCR function. A key question in \'alidating this model 
is whether the lCR is limited to activating only a single gene at 
a time or, as others suggest, the LCR splits its function24 and 

activates several genes simultaneously~j.:'6. We have addressed 
this question by in situ hybridization analysis of the erythroid 
tissues derh'ed from a transgenic mouse line carrying a single 
copy of the complete human fi·globin locus. The results show 
that the LCR activates only one gene at a time, indicating that 
the LCR-globin-gene interaction is monogenic. Furthermore, 
these interactions are not slatic, but dynamic, v,ith transcription 
interactions forming, breaking and reforming in a type of flip­
flop mechanism. Finally, the average stability of the LCR-gene 
interactions was estimated to be of the order of 15-80 min. 

Globin primary transcripts 
Analysis ofy· and fi-globin steady-state messengcr RNA levels 
during switching in the early stages of transgenic fetal liver 
erythropoiesis (11.5-13.5 d) show that both are detee-table in 
total fetal liver RNA17

, with y-gene ellpression decreasing and 
p-globin gene e.>;:pression increasing. Both y- and p.globin poly­
peptides occur in most ceJls of the transgenic fetalli,·u9

.
H

, indi­
cating that commitment to y. or p.gene expression does no! 
occur before the onset of globin transcription. The detection 
of globin mRNA or polypeptides are not reliable indicators of 
concurrent transcriptional aclhity in developing cells 0\\1ng to 
the long half-Jives of such molecules. Altematively, primary 
transcripts are both temporally and spatially associated \\ith 
the transcriptional event and have short half-Jives due to rapid 
splicing into mature mRNA. The half-life of the mouse fi·major 
globin primary transcript has ~n calculated to be <5 min in 
mouse erythro!eukaemia ceUs!9. Iklection of primary transcripts 
in silrl is therefore an accurate indicator of ongoing or very recent 
transcription. If transcription complexes last longer than the 
half-life of the primary transcript, two types of signals may 
occur: single-gene transcription signals or multigene signals. 
Whereas the explanation for the single·gene signal is obvious, 
the multigene signal could result from either of two events, 
namely concurrent transcription from two genes or a recent 
switch causing a signal overlap between transcription from one 
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FIG. 1 In situ hybridization of ltansgenlc and non· 
transgenic mouse fetal liver cells. a--c, Hybridila· 
tlon of hOflWzyg01)S 12.5-<1ay mouse fetal liver cells 
(line 72)" containing two single human p.-globin 
loci; a sho .... 'S the red signal only (Texas red, y), b 
the green signal only (FITC, PI, and c the overlay 
of both after laser confocal mIcroscopy. d, e, same 
as c, but In d cells have first been treated .... ith 
RNase; e sho· ... "$ results from a non·transgenic fetal 
liver. f, Quanitificatlon of the different t}pes of 
transgenic mouse 12.5-day fetal Ir.·er cells. Red 
(Te~s red) represents the r signal, green (FITC) 
the P signal, and ~-ellow the combination of both. 
Scoring was by epifluorescence on a minImum of 
400 cells per liver sample aoo at least two Ji\·ers. 
The frequency of occurrenw of each cell type is 
shawn as a percentage. 
METHODS. 12.5-<1ay fetal livers were disflJpted 
Into PBS and the cells fixed onto a poly·l-Iyslne 
coated slide In 4% formaldehyrle/5% acetic acId 
for 20 min at room temp.l~. Cells were subse­
quently washed 3 tImes for 10 min in PBS and 
stored In 70",.1, ethanol at -20 'C. Slides were pre. 
treated for hybridization by a 0.01% pepsin aiges. 
tion (5 min, 37 'e) In 0.01 M Hel, follo ..... ed by a 
short wash In water ana a 5-mln fixation Ifl3.7% 
formaldehyae at room temperatule, then washed 
In PBS, dehyrlrated in 70, 90 arn:ll00"h ethanOl 
steps and aIr·dried. The hybridization mixture was 
applied (12 J.1i per 24 x 24 mm coverslip) and Incu· 
bated at 37 'e in a mOisturized chamber for 12 h. 
The hybridizaUon mIxture contaIned 0.5 ngJ.lI- 1 of 
each of three or four oligonucleotides (50 nucleotides long) containIng 
a ONP, a digoxygenln or a bloUn side chain In the mIddle and on lhe 
5' and lhe 3' end of the oligonucleotida IEurogentec, Belgium) In 25% 
formam Ide, 2)( SSe. salmon sperm DNA (200 ngIJr 1

), 5x Oenhardts, 
1 mM EOTA and 50 mM sodium phospate, pH 7.0. The oligonucleotide 
sequences ..... ere derived from the first and second Introns of the globIn 
genes and spaced mOle than 25 nucleoUdes apart The coverslip was 
removed by dippIng In 2)( sse and the cells ..... ere ..... ashed three times 

gene and the decay of the pre-mRNA (processing) from Ihe 
other gene. 

We have used in sim hybridization wilh gene-spedfic intron 
probes to localize human globin primary transcripts in nuclei of 
individual embryonic and fetal transgenic erythroid cells. The 
signals appear in the nudeus as fluorescent foci at the location 
of an actively transcribing gene3<l..lI. The fod do not appear in 
RNase,pretreated cells or in non.globin·expressing transgenic 
cells or non.transgenic cells (Fig. Id, e), indicating that the pro­
bes specifically detect an intron.containing RNA molecule (the 
primary transcript). Probe penetration is almost complele as 
>97% of the acth'e mouse a-glObin genes can be detecled (not 
shown). Heterozygous cells show single foci, whereas homo· 
zygous cells show two foci, demonstraling detection of each 
locus (not sho'.'.'Il). To detennine whether the LCR can acth-ate 
the -,- and Il-globin genes simullaneously, we perfonued ill sim 
hybridizations with gene-specific intron probes for -,- and p­
globin prim3ry transcripts in homozygous day-12 transgenic 
mouse felalliver cells (Fig. la-c). The cell on the right contains 
primary transcript signals for both l' (red) and Il-globin (green) 
from each chromosome, suggesting that the LCR can activate 
both genes simultaneously from a single chromosome, as would 
be expected for co-transcription. Alternatively, the double signal 
could be due to an o\'erlap between transcription of one gene 
and the decay of Ihe pre-mRNA signal from the other gene, as 
would be expected for single-gene transcription. Howe\·er, only 
the latter explanation would also fit the type of cell on the left, 
which is transcribing only "(-globin from one chromosome and 
only p.globin from the other. This suggests that the LCR activa, 
tion mech3nism is mono·gene-specific. Considering that these 
nuclei contain the transacling factors required for both -,- and 
13-globin transcription, co·transcription would be unlikely if the 
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in 2x sse at 37 'C, followed by a 5·mln wash In 0.1 M TriS, 0.15 M 
NaCI, 0.05% Tween 20. Antibody detection of the labelS was essentially 
as described by Dirks et aJ.3~, with three or four amplification steps. 
Mounting was in OAPIjDABCO:Vectashleld (1:1) !n glycerot (WAl) 
and stored at 4 'e In the dark. Fluorescence was detected by 
epifluorescence/CCo or laser confocal mIcroscopy. RNase treatment 
was In 0.1 M TriS, 0.15 M NaCl, 10 J.lgmJ'l RNase A for 5 min at loom 
temperature. 

1 and Il·only cel! (left) were to occur frequently. given the high 
probe penetration (>97%). We therefore quantified the different 
cell types. 

A dynamIc mechanIsm 
Day.12 homozygo1)S transgenic felalli\'C( cells show all possible 
primary transcript signal combinations ofy- and p·globin (Fig. 
If): 58% of globin-transcribing nuclei have only p.globin 
transcription on both chromosomes and 9"'10 haw only 'f-globin; 
the remaining one third of the erythroid cells contain combina­
tions of l' and il-globin transcription and are ther-efore im'olved 
in the switching process. However, fewer than h3If(34%) of the 
chromosomes in these sv.ilching cells have both l' and il-globin 
signals on the same chromosome. The majorit)' h;.we single gene 
signals only. sug.gesting Ihat the LCR interaction is largely 
mono-gene-specific. Of particular interest is the fact Ihat in 
>90% of Ihe s'.'.itching cells, the IWO chromosomes are respond· 
ing differently to the same transacting·factor environment. This 
suggests a d)l1amic, continuously changing system in which the 
indh'idual loci respond stochastically to changes in the factor 
em'ironment. 

Fllp·flop 
Two fonus of such a dynamic process can be envisaged. Either 
the swilch in interaction is progressive from 1 to il. or it s .... itches 
back and forth between the genes in a kind of nip.flop mecha­
nism. -,- and il-g1obin sign31s on the same chromosome would 
then be indicaliw of a recent switch producing a (brief) period 
of overlap in which the decaying 'old' primary transcripts are 
detected in the presence of the newly synthesized transcripls. 
The length of Ihis overlap period would depend on the half·life 
of the primary transcript, The progressive switching mechanism 



FIG. 2 Detection of y·globln (TeMs red) and ~globln (file, green) pre· 
cursor mRNA In the nucleus and ~globln mRNA In the C)"tOplasm (Cy3, 
yellow). The fetal INer was obtained from a transgenic 12.5·day embryo 
heterol)'gous for the human jl-glob!n locus. p'globln mRNA was vis­
ualized by Il1direct ImmunoHuorescence with Cy3 of DNP-Iabelled oligo­
nUCleotides. Cy3 emission Is also red but at a different wavelength from 
TeMs red and was therefore recorded separately al1d assigned 

would predict that heterozygous "(·gene-transcribing cells should 
not have f}·mRNA in their cytoplasm. whereas the flip-flop 
mechanism would result in a proportion of y (but not f}) 
transcribing nuclei, which contain f} mRNA in their cytoplasm. 

We therefore added a third probe which specifically recognizes 
the human f}-globin mRNA (exon probe). Heterozygous 12.5-
day transgenic fetal liver cells were used. needing only a single 
chromosome to sy,itch. Figure 2 shows one of many hetero­
zygous cells probed for the 'f' and p.globin primary transcripts 
and cytoplasmic p·globin mRNA. The "( transcription signal is 
very strong (red in Fig. 2a) whereas the Jl·gene signal (green in 
Fig. 2b) is absent, indicating that the y gene is currently being 
transcribed. but the f} gene is not The cytoplasm, however, 
sho'.Vs an a(Xumulation of f} mRNA, indicating previous 
transcriptional activity of the p·gene in that cell (Fig. 2c). In 
fact, 40''10 of the erythroid cells that are transcribing the 'f gene, 
but not the p gene, contain p mRNA. In other words, there is 
a substantial number of cells that ha\'e transcribed p but 
s'Nitched back to "(, an observation that strongly supports a 
dynamic flip·flop between the genes. Many of the chromosomes 
y,ith both y. and f}-globin primary transcript signals (Fig. 2) 
would thw:fore be the result of flip-flop rather than co.transcrip· 
tion. Thus, the decay time of our signal al1er a switch be;;omes 
imporlant in determining whether most or all of the overlap we 
obsen'e is due to flip·flop. The ISS mouse f}-major globin pri­
mary transcript was shown to reach its steady-state level in MEL 
cells 'Nithin 5 min..~. This indicates that the half-life of the com­
pletely inlact precursor RNA is considerably shorter as it takes 
-5 half·lives to reach 97.5% of steady-state le\'el. However, the 
target of our in SilU experiments is not only the intact ISS globin 
primary transcript, but also any other intron-containing RNA 
molecules such as partially transcribed, partially spliced and 
excised intron RNAs. We therefore measured the half-life of the 
intron·containing RNA molecules for mouse p-major globin 
and human y. and f}-globin in day-12 transgenic fetal liver 
cells. The results indicate that all three have similar kinetics, 
reaching steadY-Slate le\'els simultaneously (Fig. 3), The half· 
life of the intran is 4---5 min. in agreement \\ith Curtis et al.n . 
Assuming that we can still detect the in sim signal after 2~3 
half-lives (see discussion), it suggests that the overlap period 
is 10-15 min. 

Replication and switching 
One possibility to explain the occurrente of mUltigene signals 
when only a single gene is active at any time could be that it is 
the result of replication of a locus. Homozygous replicating cells 
(in late S, 02 and M) contain four globin loci in the nucleus 
and hence a"(p co-transcription signal could be the result of the 
'f gene being transcribed from one of the replicated loci, whereas 
p could be transcribed from its replicated chromatid. This would 
result in the percentage of yp signals being substantially higher 

an artificial yellOW. a. Texas red sIgnal (y pre-mRNA): b, me green sIgnal 
Itl pre·mRNA)--th1s Image was digitally enhanced to demonstate the 
lack of a ~ transcript, so some bleed·through from the cytoplasmIc Cy3 
sIgnal appears as a hIgh background; c. Cy3 signal (P mRNA). This Is a 
single optical sectiOn of the cell from the confocal microscope (0.5 
microns); d Is a composite of a, band c. 

in 02 than in 01 cells. We therefore sorted 12.5-day fetal liver 
into populations of GI and 02 ~lIs)l and repeated the hybrid. 
izations. Analysis of the 01 and 02 cells shows a distribution 
and percentage ofyp signals similar to the total population, with 
no significant difference between the two purified populations. 
We conclude that the switch between genes can take place in 
Ol-that is, DNA replication is not required, implying that 
the LCR~~ne interactions' are dynamic rather than static. As 
e.\pectedH. • no transcriptiC'n signals are observed when the ce(ls 
are in mitosis. 

Co·expresslon and switching 
To extend these results, we characterized the transcriptional 
status of individual cells at different times of development. 
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FIG. 3 Incorporation of 3~p Into globin Intron and mRNA sequences. 
12.5-day fetal l!ver cells from heterozygous line 72 ..... ere cultured In the 
presence of 31p for the Umes Indicated, essentially as described29

, Half­
lives ..... ere calculated by comparing the difference In the rates of 
Incorporation between Intron and exon sequences. The 4--5·mln half­
life fits well ..... ith the fact that 5 half·lives are requIred to reach 97.5% 
of the steady state level. 
METHODS. RNA was prepared for 1.5 x 10' cells per Ume poInt al1d 
hybridized to 5 j.Ig Immobilized denatured plasmid DNA as described». 
Results were qua ntified by phOSphor/mage analysis. Plasmlds contained 
mouse tI-maJor Intron II {BamHIjPSU1 human p Intron II (BamHIjSspl), 
human y Intron II (BamHIjSacl) and partial human ~g1obln eDNA; sIg­
nals were normalized for relaUve probe length. 
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FIG. 4 Simultaneous detection of E (FHC, green) and y (Texas red) 
tral\ScripUon In lO-day embryonic blood, Cells were obtained from a 
line-12 embryo homozygous for the human globin locus21, 

namely day.IO embryonic blood and day.1I fetalli\·er. During 
transgenic embryonic erythropoiesis y. and t;.globin expression 
occurs simultaneously O\'er a period of at least 3 days (days 8-
10 of gestation) and nearly aU cells contain both E' and ·(.globin 
polypeptides!.!. We have pre\'iously determined the Jevel of 
expression of the l' and f;.globin genes when present as single 
genes linked to the LCR and compared this to the level of expres· 
sion when both are linked together to the LCR, That comparison 
suggested that the y and e genes are also in competition for the 
LCR (P.F., unpublished results), presumably through a looping 
mechanism (N, Dillon eI of., submitted). The circulating 
embryonic erythroc>1es are nucleated and transcriptionally 
acth'e, and hence were used to determine whether flip-flop could 
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also be occurring between the E' and ·,.globin genes by probing 
day. 10 embryonic erythrocytes with gene·specific intron probes 
for E and y (Fig. 4). The results demonstrate (like "land p in the 
fetal liver) a heterogeneity in transcriptional signals, including 
chromosomes with overlapped signals (Figs 4 and 5). We con­
clude that the LCR also productively interacts 'with only one 
gene at a time in peripheral embryonic blood cells and that E 

and "( are co.expressed via a flip·flop mechanism. The higher 
incidence of O\'erlapped signals on indi\idual chromosomes sug­
gests that the LCR-E complex is less stable than those ofy and 
p v.ith the LCR (see discussion). 

The analysis of day. I I fetal liver shows that the switching 
process is a continuously changing system, reflected at the Jevel 
of the individual cell (Fig. 5). When compared to the day.12 
results, there are more yy. and fewer ~fI·transcribing cells (27 
versus 9"% and 35 versus 58%); accordingly, significantly more 
cells are observed that transcribe y only from locus and 1 and 
p from the other locus (7 versus <1%). The number of cells 
transcribing y only on one chromosome and P only on the other 
chromosome is "ery similar (14 versus 13%). These results indio 
cate that the change in the composition of transcription factors 
during the switch is gradual and slowly changes the affinity 
between the LCR and the genes towards the adult type LCRI 
p.globin gene interaction. 

DIscussIon 
We have demonstrated the dynamic nature of the interactions 
between the human p·gJobin genes and the p.globin LCR 
throughout development and sho\\ll that the LCR-gene inter· 
actions are highly stable. Our data can all be explained by a 
mechanism in which the LCR acti\'ates only a single gene in the 
locus at any given time. The LCR, although made up of a series 
ofhypersensiti\·e sites, could act as a functional unit or holocom· 
pJex that activates multiple genes from the same chromosome 
via a stochastic mechanism of d)llamic rather than static inter­
actions (Fig. 6). Although a low level of co· transcription cannot 
be excluded such a mechanism cannot account for our observa­
tions. Dillon et al. (manuscript submitted) ha\'e \!Sed sleady· 
state measurements of the transcriptional output fr-om mutated 
loci to demonstrate that the genes compete in a polar manner 
for the activating function of the LCR. The}' find that the relalive 
distance of the genes from the LCR affects compelition and 
conclude that the genes are activated by direct interaction with 
the LCR. Thus two studies, which use entirely different 
approaches, provide strong e\'idence of direct interaction 
between the LCR and single genes by a dynamic looping mecha· 
nism of transcriptional activation. It does not show whelher 
some process spreading in a linear fashion along the chromatin 
is involved in the first activation of the locus, The balance of. 
y. versus p.gene transcriplion would gradually change during a 
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FIG. 5 Bar diagram of the perwn· 
{ages of transcriptional cell types 
obsef'led at different Umes of devel· 
opment In transgenIc cells homo­
zygous for the human globin locus. 
A s!ngle lfanscriptlon signal at one 
of the loci Is Indicated with a single 
leller, double signals with t ..... o let· 
ters. for e~ample ·(/"tP Is a cell1rpe 
with a y sIgnal onl)' on one chromo­
some ami signals for"f and fI on the 
other chromosome. The number of 
celllypes In the population are given 
as a percentage. 



FIG. 6 A model of tM Interactions of the locus conttol region (lCR) With 
the different globin genes through a stochastic looping mechanism. The 
lCR Is Indicated as a squiggly line to Indicate that the different regions 
that are hypersensitive to DNase I of the lCR could act together or even 
form a holocomple:w; to establish an Interaction of the lCR with one of 
the genes. 

s\\itching period as the factor composition changes in Ihe 
population. 

FlIp·flop time and complex stability 
By scoring the different transcriptional chromosome types in the 
erythroid nuclei (Fig, 5). it is possible to estimate the flip.flop 
time, or the a\'erage time required for the LCR-gene interaction 
to change from y to J3 (or vice versa), based on the half·life of 
the intron-containing RNAs and the percentages of different 
transcriptional states. The half·life determines the decay rate of 
the signal and thus the overlap time. that is, the length of time 
both y. and J3·signals are detectable on the same chromosome 
after a change in LCR-gene interaction. As the cen population 
is random (so the chromosomes are not synchronized in terms 
of the '(·10.]3 s\\itch), the percentage of chromosomes showing 
a double signal at any particular instant indicates the fraction 
of the total time in which a chromosome is in the overlapped 
state. By extrapolation, we can delermine the average length of 
time that a gene is transcri~d-that is, the time between flip· 
flop events. For example, the frequency of overlapped 13 signals 
in the popUlation at 12 days is 13% of the total number of 13 
signals. Therefore, on average, 13% of the time in which an 
individual chromosome transcribes the ]3 gene it "'om be over· 
lapped by a y signal. The overlap time can be estimated as 10-
15 min on the basis of the intron half·life of 4--5 min and the 
fact that we can barely detect the precursor RNA when we use 
one (instead of three or four) oligonucleotides (M.W., unpub· 
Iished results). As 13% of the j) signal is Qverlap, the lotal ]3 gene 
transcription time would be .... 80 min. (As on::r!ap occurs at the 
beginning and end of a transcription period, the time in o\'erlap 
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is 2 X 10-15 min. The total transcription time is therefore 100/ 
J3 x 12 min minus one overlap of 12 min.) Correspondingly, the 
percentage of o~'er1apped 'f signals is 42"10, making the average 
LCR/y gene time between flip· flops -16 min. When the results 
are compared for t, "f and j) from days 10-12, scwraltrends 
be<:ome apparent. First, at 10 days, the t signal is overlapped 
v.ith a y signal 75% of the time, which suggests that the lifetime 
of the t·LCR complex is short (about 4 min) and flip·flop occurs 
more readily. The 'f signal is present more often than t at 10 
days and is overlapped only 29% of the time, suggesting that 
the y-LCR complex is more stable, with -30 min between flip. 
flops. The average stability of the y-LCR complex decreases 
from 10 to 12 days from 30 to 16 min, whereas P increases from 
45 to 80 min from I I 10 12 days. Clearly the time ~twe-en flip· 
flops decreases for y but increases for 13. Obviously interaction 
could consist of rapid associations and dissociations of the LCR 
with a given gene, rather than one stable association. Whatewr 
the me.:hanism, our data suggest that the continuous presence 
of the regulatory elements at a gene are required for multiple 
rounds of initiation of transcription of that gene, rather than 
~ing dispensable after the activation of transcription. 

rn summary, our technique has enabled us to analyse single 
genes in single cells and allows us to make the conclusion that 
'(. and ]3.globin genes are transcribed alternately rather than 
concurrently. The ability to visualize specifically the transcrip­
tional activity of individual genes in Ihe nucleus provides a pow· 
erful tool for studying developmental transcriptional regulation 
and chromatin dynamics and should provide a more accurate 
picture of transcriptional regulation compared v.ilh com·en· 
tional in .situ analysis. 0 
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The role of EKLF in human ~·globin 
gene competition 
Mark WiJgerde, Joost Gribnau, Tolleiv Trimborn, Beatriz Nuez, Sjaak Philipsen, Frank Grosveld, 
and Peter Fraser1 

Medical Genetics Center Department of Cell Biology and Genetics, Erasmus University Rotterdam, 3<XX1 DR, 
Rotterdam, The Netherlands 

We have investigated the role of erythroid Kruppel·llke lactor (EKLF) In expression of the human p·globln 
genes in compound EKLF knockout/human p·Jocus transgenic mice. EKLF affects only the adult mouse 
p.globln genes in homozygous knockout mice, heterozygous mice are unaffected. Here we show that EKLF 
knockout mlee express the human E and -y-globin genes normally in embryonic led cells. However, fetallivet 
erythropoiesis, which is marked by a period of 'Y' and p·geDe compethlon in which the genes are alternately 
transcribed, exhibits an altered ratio of y. to p.gene transcription. EKLF heterozygous fetal livers display a 
decrease In the number of transcriptionally active p genes with a reciprocal increase in the number of 
transcriptionally active 'Y genes. p·gene transcription Is absent in homozygous knockout fetuses with 
coincident changes in chromatin structure at the p promoter. There Is a further increase in the number of 
transcriptionally active 'Y genes and accompanying 'Y gene promoter chromatin alterations. These results 
indicate that EKLF plays a major role In "t. and p·gene competition and suggest that EKLF is Important in 
stabilizing the Interaction between the Locus Control Region and the p·globin gene. In addition, these 
findings provide further evidence that developmental modulation of globin gene expression within IndiVIdual 
cells is accomplished by altering the frequency andlor duration of transcriptional periods of a gene ratherlhan 
changing the rate of transcription. 

(Key Words: Erythroid Kruppel-like factor) locus control region) gene competition) p·globin/ transcription] 
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The human p·globin locus contains five functional ery· 
throid-specific genes arranged in the order of their devel­
opmental expression !5'·€-Gy-A~p·3')lfor review, see 
Collins and Weissman 1984J. The sequences required for 
correct developmental globin gene regulation have been 
the target of intensive studies in transgenic mice. Early 
studies in which individual globin genes were intro· 
duced were hampe(ed by lack of expression 01 low non­
copy number·dependent expression, suggesting that ex· 
pression was dependent on the position of integration in 
the mouse genome. Although made difficult by these 
position dfects the results suggested that the individual 
genes contained information neccessary for proper devel· 
opmental regulation. The Indusion in globin gene con­
structs of the locus control region ILCR), which con· 
sists of 5 DNAse I hypersensitive sites IHS:I-5) located 
upstream of the cluster, permitted reliable position·in­
dependent, copy number-dependent expression at levels 
equivalent to the endogenous mouse globin genes [Gros· 
veld et al. 1987}. Subsequent experiments with individ­
ual globin genes linked to the full LCR have shown that 
the t:. and 'Y·globin genes are regulated autonomously 
{Raich et al. 1990; Dillon and Grosveld 1991). The € gene 
is restricted to embryonic red cells and the 'Y gene is 
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expressed in both embryonic· and fetal·derived red cells 
untU it is silenced autonomously around day 16. The 
adult 13 gene, on the other hand, is expressed aberrantly 
at early stages when linked to the LCR and is regulated 
properly only when another gene is placed in cis between 
it and the LCR, suggesting that the 13 gene is regulated 
competitively {Hanscombe et at. 1991). Transgene exper· 
iments in which 'Y and p gene order with respect to the 
LCR has been varied have demonstrated a developmen­
tal expression pattern altering effect IHanscombe et at. 
19911 Peterson and Stamatoyannopoulos 1993/ Dillon et 
al. 1995} N. Dillon and F. Grosveld, in prep./. When a 
marked Il gene is placed in the t: position in the context 
of the full locus it is expressed throughout development 
as expected, but, remarkably, it also completely sup­
presses the fetal and adult expression from the down· 
stream 'Y and 13 genes in the locus IDilIon et aL 1995; N. 
Dillon and F. Grosveld, in prep.l. 

These data have led us to propose a model for LCR· 
driven Il·globin gene expression in which the individual 
HS of the LCR act together lor form a holocomplex) and 
interact directly with an individual globin gene. In this 
model the complete LCR plays a pivotal role in gene 
competition. This is supported by the fact that no indi­
vidual HS of the LCR provides full expression to a linked 
globin gene IFraser et a!. 1990, 19931, and that all sites are 
required in the context of the full locus for high·level, 
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position-independent eXpression IMilot et al. 1996)_ The 
competitive advantage of an individual gene is achieved 
through proximity to the LCR and the specific trans­
acting factor environment of a particular developmental 
stage_ We propose that these parameters are the basic 
determinants that control the frequency and duration of 
direct LCR/gene interactions, which in tum control 
transcription_ We have shown through in situ primary 
transcript detection that cocxpression of multiple genes 
from a single locus involves alternate rather than 
cotranscription IWijgerde et a!. 1995)_ These results in­
dicate that dynamic LCR-gene interactions are the 
mechanisms of gene competition and coexpression_ ob­
viously, an important question is, which proteins medi­
ate complex formation and stability! 

Erythroid Kruppe!·like factor /EKLF) is a protein with 
three zinc fingers that show homology to members of the 
Kruppel-Iike family of nuclear proteins such as TFliIA 
and Spl (Miller and Bieker 1993)_ EKLF is largely reo 
stricted to erythroid cells and binds CACC-box se­
quences ICCACACCCTJ (Donze et al. 1995) frequently 
found in erythroid specific gene promoters and dupli­
cated in the adult mouse and human fl·globin gene pro­
moters_ Naturally occurring single base mutations in the 
fl-globin CACC box result in mild to severe reductions 
in Il-globin gene expression in human thalassemic pa­
tients {Orkin et a1. 1982, 1984; Kulozik et at. 1991)_ Sim­
ilarly, constructs bearing these base substitutions show 
decreased traIls-activation of linked reporter genes {Feng 
et al. 1994)_ EKLF null mice express endogenous embry­
onic fl-like globins and appear normal during embryonic 
development /Nuez et al. 1995/ Perkins et al. 1995). As 
the site of erythropoiesis changes to the fetal liver (day 
Il.S onward), EKLF- 1 - animals fail to express the 
mouse adult p-globin genes and die in utero around day 
15. EKLF+I- mice appear nomul in terms of p'major 
and p-minor gene expression (Nuez et al. 1995, Perkins 
et al. 1995). Because both genes contain CACC boxes in 
their promoters and are dependent on EKLF for expres­
sion (Nuez et al. 1995j Perkins et al. 1995), they are not 
informative in studies on gene competition IShehee et a!. 
1993 j T. Trimbom and P. Fraser, unpuhl.). 

Here we demonstrate the role of EKLF in human 
f3·glohin gene switching through analyses of transgenic 
animals homozygous for a single copy of the entire hu­
man Il-globin locus in an EKLF heterozygous or homozy­
gous null background. The results show that the absence 
of EKLF leads to a complete lack of f3-gene expression 
with a concomitant increase in y gene expression in fetal 
liver-derived erythroid cells, whereas a decrease in EKLF 
in heterozygous mice leads to a different ratio of "/ to fl 
expression during the switching period. These results in­
dicate that EKLF plays a major role in 'Y- and f3-gene 
competition and suggest that EKLF is important in the 
LCR/fl-gene interaction_ 

Results 

Emblyonic eIythropoiesis 

Transgenic mouse line 72 /Strouboulis et al. 1992), 
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which carries a single copy of the complete human 
f3-globin locus, was crossed with a targetted EKLF mu­
tant line /Nuez et al. 1995). Offspring were bred to pro­
duce three genotypes for analysis: Hull +1+ IEKLF+ 1+ 
(line 72 homozygous/EKLF wild type), HUf3+I+ I 
EKLF+- 1 - (line 72 homozygous/EKLF heterozygous 
knockout), and Huf3 +1 +-/EKLF- 1- (line 72 homozy­
gous/EKLF homozygous knockout). Phenotypic analysis 
of embryonic stage mice suggests that development pro­
ceeds normally as EKLF null mutant embryos are indis­
tinguishable from heterozygous or wild-type littermates_ 
SI nuclease protection analysis of day to and 11 blood 
RNA samples showed that human E- and ,,/-globin 
mRNA eXpression levels are unchanged in EKLF mutant 
embryos (Fig. IA and Fig. 2A) as compared with the un­
affected mouse a.-globin genes {Nuez et a!. 19951 Perkins 
et al. 1995). Primary transcript in situ hybridization anal­
ysis of day to embryonic blood cells showed no differ· 
ences in the number and distribution of active transcrip­
tional foci for human E and y globin (Wijgerde et al. 1995) 
among the three different genotypes (not shown). These 
results indicate that embryonic expression of the human 
E- and y-globin genes is not dependent on EKLF. 

Human globin gene expression in the letallivel 

Around day 11 post conception (p.c.) the fetal liver be­
comes the major site of erythropoiesis. Expression of hu­
man E globin is completely silenced in the fetal liver, 
whereas 'Y-gene expression persists in competition with 
the fl gene IStrouboulis et al. 1992 j Wijgerde et al. 1995). 
EKLF+f- mice develop normally in contrast to 
EKLF- f

- mice, which appear abnormal in terms of he­
moglobinization as early as 12.5 days and severely ane­
mic by day 14.5 {Nuez et al. 1995 j Perkins et al. 1995)_ In 
contrast, Huf3 +1+ IEKLF-1- mice still have hemoglo­
binized peripheral blood and a relatively red fetal liver as 
late as 15.5 days {not shown}. This result suggests that 
human 13·like chains are heterotetramerizing with 
mouse alpha ehains to form hemoglobin in the fetal liver 
cells. 

SI protection assays performed on total fetal liver 
RNA showed dramatic differences in the steady-state 
globin mRNA levels (Figs. IB and 28)_ The normal pat­
tern of "/- and Il·gene expression (Strouboulous et al. 
19921 was disrupted in heterozygous EKLF knockout fe­
tuses. Human f3-gene expression was nearly halved in 
the early fetal liver cells (ll-IS days) when compared 
with EKLF wild-type fetuses. The decrease in human 
Il-gene expression was accompanied by an increase in 
),-gene expression over the same period. This decrease in 
human 13 expression is interesting in light of the fact that 
the endogenous f3-major and l3-minor genes are unaf­
fected in EKLF heterozygotes {Fig. 18 j Nuez et al. 1995/ 
Perkins et al. 1995). In Huf3+ I +/EKLF- 1 - fetuses hu­
man f3-gene expression is undetectable and ),·gene ex­
pression increases by as much as three or fivefold com­
pared with Hull+l+-/EKLF+ f - and HUf3+I+/EKLF+1+ 
fetuses, respectively_ The null mutants also showed a 
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Figure 1. S I nuclease protection assays. Probes for human (, '/ and Il globin and mouse u and Il-major globin were used as described 
in Materials and Methods. All mice analyzed were homozygous for a single copy of the entire human ll·g1obin 10<:us tline 72, 
Strouboulis et aL 1992) in either EKLF+ 1 +, EKLF+ 1 -, or EKLF- 1- background as indicated above each lane. tAl Total RNA from W­
and II·day embryos including yolk sac.tBI Eleven- to 14-day fetal livers and adult ptripherai blood RNA. Protected products are 
indicated to the right of each panel. 

dramatic decrease in the level of mouse p·globin mRNA, 
as expected (Nuez et a1. 1995; Perkins et 011. 1995). 

There are two potential explanations for the observed 
increase in y- and decrease in p-mRNA expression. It is 
possible that the reduced amount of EKLF in thc hetero­
zygous knockout animals abates the transcriptional ac­
tivity of the p genes by reducing polymerase density and, 
thereforc, rate of transcription of all p genes. However, 
reduced EKLF levels must also have the opposite effect 
on the transcription rate of individual y genes to increase 
expression. EKLF would then be a purported suppressor 
of y·gene transcription, or indirectly affect such a gene 
product, which we cannot rule out. However, it is known 
that EKLF is present in embryonic red cells where its 
presence does not silence y genes. The other possibility, 
which fits with our previous results on gene competi­
tion, would suggest that competition from the y gene for 
the LCR is more successful in an EKLF+ 1 - background 
as a result of decreased competence of the j3 gene. In this 
situation the frequency of LCR-y gene interactions 
would be increased because of a decrease in the duration 
{stabilityJ or frequency of LCR-13 gene interactions. This 
would result in a decrease in the absolute number of 
transcriptionally active j3 genes within the population 
and a reciprocal increase in the number of transcription-

ally active y genes. This is supported by the return to 
near normal levels of human Il·globin expression in the 
adult blood of EKLF+ 1 - mice when the y genes are si­
lenced. To differentiatc between these two possibilities 
we quantitated the number of transcriptionally active y­
and p-globin genes in the fetal liver. 

Primary transcript in situ hybridization 

The analysis of steady-state mRNA levels for human y 
and j3 globin during fetal Jiver erythropoiesis demon­
strated concomitant increases in y-gene expression with 
decreases in j3-gene expression, confirming the reciprocal 
relationship in the competition between the genes. Our 
previous results suggested that if a globin gene was tran­
scriptionally active, it was transcribed at the full rate 
because changes in mRNA levels could be correlated 
with changes in the number of transcriptionally active 
genes (Wijgcrde et al. 1995; Milot et al. 1996). Fifty per­
cent expression of a gene at the mRNA level did not 
suggest that each gene was transcribed at half the normal 
rate, but rather that half the genes were transcribed at 
the normal fate (Wijgerde et a1. 1995/ Milot et a1. 1996J. 
In other words, each gene was transcribed for half the 
timc. To further investigate gene competition and y-gene 
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Figure 2. EXpression pattern of the human globin lIansgenes in 
EKLF null background. Expression levels were quantit<Hed us­
ing Phosphorimager analysis of $1 protection assays in Fig. I, 
and ploued against the developmental age of the animals. (AI 
Relative expression levels of (- and "1,giobin mRNA in day 10 
and day II whole embryos in EKLF+'·, EKLF .", or EKLF- 1-
background. IB) Expression of human j3·gIobin mRNA during 
fetal stages of erythropoiesis and in adult peripheral blood as a 
ratio of mouse ",·globin mRNA. {e) EXpression of human 
y·globin mRNA during fetal stages of erythropoiesis and in 
adult peripheral blood as a ratio of mouse ",·globin mRNA. 

silencing we analyzed transcription of individual 'Y' and 
Il·globin genes in single cells using double label primary 
transcript in situ hybridization (Wijgerde et al. 1995) in 
12.5·day fctallivercells IFig. 3A and B). The results show 
that the percentage of transcription foci for the Il gene 
decreases from 80% in the wild type to 52% in EKLP+!-
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and 0% in EKLP-!- mice IFig. 4 and Table 1). 'Y·gene 
transcription foci increase from 20% in wild type to 48% 
in EKLF +' - fetuses. Because no human ~·gIobin gene 
foci were observed in the EKLF-'- fetuses we also com­
pared 'Y·gene foci with mouse a-globin gene foci in 13.5· 
day wild type, EKLP+I-, and EKLP-I- fetuses (Table I 
and Fig. 3C and D}. The results show that in EKLP-I­
mice only 41% of the 'Y genes in the led cells were tran· 
scriptionally active, suggesting that many 'Y genes al· 
ready may have been irreversibly silenced {Dillon and 
Grosveld 1991, see Discussion}. Correlation of the rela· 
tive percent of'Y and p mRNA in the fetal liver popula· 
tion (SI analysis) and the number of transcriptionally 
active y and p genes lin situ data) indicates that changes 
in the eXpression levels of the individual genes are 
wholly accounted for by changes in the number of tran· 
scriptionally active genes IFig. 4 and Table 1) and not 
attributable to changes in the fate of transcription. Thesc 
results confirm that the level of expression of a globin 
gene is determined by the frequency and duration of its 
transcription and not by changes in the rate of transcrip· 
tion or polymerase density along a single template. 
Hence we conclude a gene is either transcribed fully or is 
silent. 

DNasel hypecsensitive site analysis 

SI nuclease protection assays combined with primary 
transcript in situ hybridization have revealed that the 

Figure 3. Primary transcript in situ hybridization. EKLF wild· 
type and knockout U.S·day mouse fetal liver cells homozygous 
for the human ~·globin locus were hybridized with gene·spe· 
cific intron probes for {A,B) human., Ired) and fl, globin (green) or 
IC,D} mouse", globin Igreen) and human y globin (wi). A and B 
were created with a CeD camera. C and D were created with a 
laser scanning confocal microscope. Genotypes fA) HuIJ +I + 
EKLF~/·i IB) Hull+ ' + EKLF- 1 - J {Cj HUIJ+'+ EKLF+I+ j {DJ 
Hull+ ' + EKLF- 1 -. 



Figure 4. Correlation between transcriptional 
activity and steady·state mRNA levels. Quanti· 
ties of ste.ady·state mRNA f)' or j3} at 13.5 days 
postconception from Figs. I and 2 are represented 
as a percentage of total human RNA h or j3/'y + 
j3}. The percentages of transcriptionally active" 
and 13 genes were calculated from the primary 
transcript in situ data (Table II 13.5 days) by di· 
viding the number of transcriptionally active" or 
13 genes by the total number of transcriptionally 
active)' and 13 genes h or 13/" + 13). loci with 
double signals were equally divided between" 
and 13 categories. (pJ Primary transcript foci) (m) 
mRNA levels. Values for EKLF+ 1 +, EKLF+ 1-, 

and EKLF- f - are shown as indicated. 

% 

'00 

90 

60 

70 

60 

50 

40 

30 

20 

'0 

0 

decrease in the steady-state level of human p-globin 
mRNA is a result of a decrease in the number of actively 
transcribing p genes in the EKLF+ 1 - and EKLF- 1

- mice 
resulting in a concomitant increase in the number of 
transcriptionally active human ),·globin genes. Globin 
gene transcription normally correlates with the presence 
of DNase I hypersensitive sites at the promoter and in 
the LCR ITuan et al. 1985; Forresteret al. 1987; Grosveld 
et al. 1987). To determine the effect of reduced EKLF 
levels on chromatin structure in the human and mouse 
p·globin loci, we analyzed DNase I hypersensitivity of 
promoter and LCR HS regions in isolated nuclei from 
wild-type and EKLF- 1 - 13.5·day fetal liver cells. As ex­
pected, no difference was seen in the hypersensitivity of 
the unaffected mouse a-globin gene promoters jFig. 5J. In 
the absence of EKLF most of the globin locus appears 
normal in terms of DNase I hypersensitivity {Table 2lJ 
however, the adult p·globin promoter is resistant to 
DNase I digestion (Fig. 5J. The mouse p-major globin 
promoter is also resistant to DNase I and the mOuse and 
human LCR HSJ appear to be reduced to hall of nOrIhal 
sensitivity (Fig. 5 and Table 2). HS:l, 2, and 4 showed no 
difference in sensitivity between wild· type and knock· 
out mice (Table 2). These results suggest that EKLF pri­
marily affects chromatin structure at the adult p·globin 
promoter and to a lesser extent HSJ of the LCR in both 

Table 1. QuantitlltiOll 0/ in situ hybrldh:ations 

EKLF +/+ 
EKLF +/­
EKLF -/-
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41 

The percentages of loci in 13.5·day fetallh'er cells having single 
gene primary trancript Signals for" or 13, and those having dou· 
ble signals )'-13 are shown for the three genotypes indicated. 
Greater than 170 lod ..... ere counted for each genotype. ,,/0. rep· 
resents the number of transcriptionally active 'f genes as a per­
centage of transcriptionally active mouse {l.·globin genes. 
Greater than 500 {l.·globin lod ..... ere counted for each genotype. 
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Figure 5. DNase I hypersensitive site analysis of l3.S·day fetal 
liver cells. Shown are DNase I hypersensitivity analyses in iso· 
Iated nuclei from fetal livers of mice homozygous for the human 
j3·g1obin locus in EKLF+I+ and EKLF-/~ backgrounds. The 
probes used are described in Materials and Methods and the 
sizes of parent and hypersensitve bands are indicated. Shown 
from fOp to bottom: HUman j3·g10bin promoter (top panel, 
EeaRI digest), human 'f·globin promoter (EeaRI digest), human 
LCR HS 31liindlll digest), and endogenous mouse (I..globin pro· 
moter (boltom panel, Sad digest). lanes labeled with 0 and E 
indicate samples incubated on ice and 37'C, respectively, with­
out DNase I. The triangled bar abm'e the lanes indicates increas· 
ing amounts of DNase I. 
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Table 2. DNase/ hypersensitive site analysis performed on 
line72 EKLrH and Jjne72 EKLP-I- 13.S·day fetal liver cell 
isolated nuclei 

DNase[ hypersensitive sites 

EKLF+I+ EKLF- 1-

Human Il promoter + 
Human "f promoter + 
Human LCR HSI + + 
Human LCR HS2 + + 
Human LCR HS3 + +/-
Human LCR HS4 + + 
Murine jlmaj promoter + 
MUrine LCR HS3 + +/-
Murine a promoter + + 

for detailed description of the procedure and probes used, see 
Materials and Methods. 

the endogenous mouse and human p·globin loci. of par­
ticular interest is the observation that DNase I hyper· 
sensitivity of the human y-globin gene promoter is in· 
creased in EKLF- 1 - mice compared with wild· type mice 
as the number of actively transcribed y-genes increases 
{Fig. 5). 

Discussion 

Modulation of gene expression 

We have shown that the level of human p·globin mRNA 
in the EKLF+ 1 - and EKLF- 1 - mice decreases as a direct 
consequence of decreases in the number of actively tran· 
scribing p-globin genes. The results show reciprocal con· 
comitant increases in human 'Y·globin gene expression 
resulting solely from increases in the number of tran· 
scriptionally active human y·globin genes rather than 
increases in the rate of y·gene transcription on individual 
genes. These data indicate that gene transcription is an 
all·or-nothing event and that changes in the level of gene 
expression reflect changes in the amount of time that a 
gene is transcribed rather than changes in the rate of 
transcription of individual genes. These observations 
support our previous work, which showed that as devel­
opment proceeds, modulation of the expression level of y 
versus p mRNA is determined by the frequency and du­
ration of transcription of the individual genes and not by 
changes in the rate of transcription from individual pro­
moters !Wijgerde et at. 1995j. The genes appeared to be 
either fully transcribed or off. This concept was indepen­
dently reinforced by data that showed that novel posi­
tion effects that cause low-level expression in all cells of 
a tissue are the result of decreasing the amount of time 
that a gene is transcriptionally active and not the result 
of modulation of transcription rate or polymerase den­
sity on an individual gene !Milot et at. 1996). 

Other groups have proposed a binary mechanism of 
enhancer action. Robertson et at. (1995) described the 
silencing of eXpression of a construct containing an 
Escherichia coli lacZ gene under control of the human 
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a-globin HS·40 element in transgenic mice. It had been 
shown previously that HS·40 could not maintain high­
level copy number·dependent expression of the a·globin 
gene throughout development as expression levels de· 
clined as development proceeded !Sharpe et at. 1992, 
1993). Histochemical staining lor p·gal showed that the 
lower expression levels seen late in development corre­
lated with decreasing numbers of JacZ-expressing cells, 
and suggested that a decrease in the rate of transcription 
from individual promoters did not playa role. A report 
by Walters et a1. 11996) described silencing of an HS:2 
Jl·geo construct in cell culture after recombinase medi· 
ated removal of HS:2. They found that after culturing 
stably transfected clones for several weeks, greater num· 
bers of cells, though variable from line to line, had si· 
lenced the p·geo gene when compared with the original 
HS:2'containing clone. It was suggested that the level of 
Il·gal expression per cell did not change dramatically in 
those cells that continued to express the p·geo gene, al­
though twofold variation was common. They concluded 
that enhancers act to prevent silencing of genes and have 
little if anything to do with the rate of transcription of a 
gene. In addition, it was concluded that in terms of tran­
scription, a gene was either stably on or off in a particular 
ceU, although in neither report was transcription mea· 
sured nor was the activation/silencing statlls of a cell 
heritable as in position effect variegation (PEV). Both re­
ports show that levels of steady-state mRNA extracted 
from a population of cells do not always reflect changes 
in all of the cells. We have observed a similar phenom­
enon in cases of genuine PEV in which a stable, clonal 
subpopulation of cells expresses or silences a transgene 
as a result of juxtaposition to centromeric heterochro­
matin leading to reductions in mRNA levels in a popu· 
lation of cells (Milot et al. 1996). However, these types of 
experiments do not allow conclusions to be made about 
modulation of gene eXpression in individual expressing 
cells. We have shown that expression levels of individual 
genes are modulated within a single cell by altering the 
periods of active transcription of a gene and not the rate 
of transcription {Wijgerde et al. 1995; Milot et a1. 19961 
this repOIt). This result on the dynamics of transcription 
is fundamentally different from the work on gene silenc· 
ing mentioned above. Gene transcription appears to be 
an all·or-nothing event, and modulation of gene expres­
sion within a single cell is accomplished through alter­
ing the transcriptional periods. 

Shifting the balance of globin gene competition 

The analyses of human embryonic p-like globin gene 
expression and transcription in EKLF null mice demon· 
strate that the €- and y-gene promoters afe not dependent 
on EKLF. Similar results were obtained when the mouse 
embryonic globin genes were analyzed {Nuez ct a1. 1995; 
Perkins et al. 1995). Human globin gene expression in 
the fetal liver of transgenic mice involves a prolonged 
period of gene competition between the 'Y- and p,-globin 
genes from day 11.5 to approximately day 16.5 
{Strouboulis et a!. 1992; Peterson and Stamatoyannopo· 



ulos 1993; Wijgerde et at 1995), During this period it is 
thought that a gradual change in the transcription factor 
environment of individual cells leads to changes in the 
affinity andlor stability of interactions between the LCR 
and the individual genes, causing a shift in the balance of 
transcription toward the adult p gene. We have shown 
previously that expression of multiple globin genes from 
a single locus involves alternating transcription of indi­
vidal genes (Wijgerde et at 1995), We proposed a mech­
anism whereby the LCR forms an exclusive semistable 
complex with an individual gene to initiate transcription 
but is able to flip·flop between genes. The implication of 
the proposed mechanism is that fonnation of a stable 
complex between the LCR and a gene allows loading or 
initiation of RNA polymerases (and reinitiation) at a 
fixed rate. The frequency and stability of the complex 
would therefore determine the level of transcription and 
disruption of the interaction would prevent further load· 
ing of polymerases. Support for the idea that the LCR 
acts as a functional unit has come from studies that 
show that all HS of the LCR are required for position­
independent and copy number·dependent expression 
(Milot et ,11. 1996). Indeed, deletion of individual HS, 
which one might assume would destabilize the complex, 
leads to novel postion effects in which transgene expres­
sion levels were lower as a result of reduced transcrip' 
tion time (Milot et a!. 1996). 

Here we show that in EKLF+/~ mice the ratio of 'Y- to 
p·gene transcription is shifted toward the 'Y genes when 
compared with wild-type mice. This shift in the ratio 
represents an actual increase in the absolute number of 
actively transcribed 'Y genes and a decrease in the num· 
ber of transcribed p genes. Therefore the decreased level 
of EKLF in heterozygous knockouts leads to a reduction 
in the amount of time that the LCR spends complexed 
with the p gene. Because the 'Y·gene promoter is not di· 
rectly affected by EKLF we propose that increased "I-gene 
transcription is the result of increased availability of the 
LCR as a result of reduction in the time it is occupied by 
the p gene, Hence LCR-"I gene interactions, though un­
changed in stability, -are able to form more frequently. 

Mallin et ,11. (1996) have described a different model of 
globin gene regulation. They propose that the LCR acts 
in concert with elements in the locus to initiate and 
maintain an active chromatin structure. No contact or 
interaction is required between the LCR and the genes in 
the locus for transcriptional activation. Instead, individ· 
ual genes within the locus have differing probabilities of 
transcriptional activation depending on gene·local cis­
elements and the developmentally regulated trans·act· 
ing factors that bind them, Multiple genes may be tran­
scribed simultaneously from the same locus but 5' genes 
may interfere with the transcription of 3' gcnes by either 
lowering the probability or decreasing the rate of tran· 
scription, Silencing of the more 5' genes during develop· 
ment allows activation of the downstream genes. How· 
ever, the data presented here directly contradicts this 
model as we have shown that decreases in transcription 
of a 3' gene (the p gene) lead to reciprocal increases in a 
5' gene (the 'Y genes). These results are exactly what one 

would predict in a case of genuine gene competition, and 
are consistent with the observations that the switch 
from y to p expression is competitive (Hanscombe et a!. 
19911 Peterson and Stamatoyannopoulos 1993/ Dillon et 
al. 1995/ N. Dillon and F. Grosveld, in prep.) and dy· 
namic (Wijgerde et ,11. 1995; this report). 

y·gene silenCing 

In the homozygous knockout animals !3'gene transcrip' 
tion is not detectable and the percentage of loci actively 
transcribing the "I·genes increases to 41 % of transcrip· 
tionally active mouse a·globin loci {Fig. 3 and Table I}, 
of interest is the fact that not all y genes are transcribed 
in the absence of p-gene transcription. It is known that 
y-gene transcription is silenced autonomously during fe· 
tal liver development based on expression analysis of a 
'Y·gene linked to the LCR (Dillon and Grosveld 1991). 
Our observations would predict that the decreasing level 
of 'i·gene expression seen in those experiments is the 
result of decreasing numbers of transcriptionally active 
'i·genes (I.e" increasing numbers of silenced loci). One 
possible explanation is that in the EKLF -1- mice there 
is a distinct subset of fetal liver cells in which the 
),·genes are still capable of transcription (i.e., not si­
lenced). Our results show that the proportion of cells 
with both loci transcribing the y genes increases signif­
icantly in the double knockout mice compared with wild 
type and heterozygotes at the expense of cells with only 
one locus active in 'Y·gene transcription, However, even 
in the homozygous knockout the majority of cells that 
are transcribing y have only one active locus. It is pos· 
sible that the other locus appears inactive because the 
LCR still spends a significant, though reduced amount of 
time complexed with the p·gene but does not lead to 
productivity. An alternative explanation is that the "I 
genes on the other locus are reacting independently to 
the same factor environment (as observed previously; 
Wijgerde et al. 1995) and have been silenced thereby 
making them unavailable for LCR interaction and tran· 
scription. Comparison with the results of Dillon et at. 
11991) in which 'Y silencing was measured in the absence 
of competition from the p-gene suggests that we may be 
observing a combination of the possibilities described 
above. 

Chromatin structure 

The results of DNase I hypersensitive site analysis sug· 
gest that the chromatin structure of the human globin 
LCR remains largely intaet in EKLF double knockout 
mice. HS I, -2, and -4 of the LCR appear unchanged in 
the absence of EKLF. The decrease in sensitivity of the 
promoter of the adult p genes {human and mouse) that is 
coincident with transcriptional deficiency is quite se­
vere, indicating that EKLF is essential for the proper 
chromatin structure of the promoter. Hypersensitivity of 
the ),·gene promoter increases in the EKLF double 
knockout mice as transcription increases. Our model 
predicts that this increase is the result of an increase in 
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the number of y genes interacting with the LCR. It is not 
possible to detennine with certainty whether hypersen· 
sitivity is the result of transcription of the gene or inter­
action with the LCR, as the two are normally linked. If 
the LCR is complexed with the Il gene in the homozy· 
gous knockouts as suggested above, one would then con· 
elude that hypersensitivity is more closely linked to 
transcription than LCR interaction. EKLF also contrib· 
utes, to a lesser extent, to the hypersensitivity of HS 3 in 
the mouse and human LCRs, suggesting that it may di­
rectly interact with sequences in HS 3. 

Materials and methods 

Transgenic mice 

Transgenic mice containing a single integrated copy of the hu­
man jl·globin locus, referred to as Line 72ISuouboulis et al. 
1992), were crossed with EKLF knockout mice !Nuez et al. 1995) 
10 create compound homozygous human jl·globin HUjl+l+j 
EKLF+ 1 - and HU!3+I+/EKLF-'- embryos. Embryos were dis· 
sected out at various time points and genotyped by Southern 
blot and Phospodmage analysis. 

Pupolafian of RNA and 51 nuclease protection assay 

RNA was extracted from frozen embryos !including yolk sac), 
fetal livers, and adult blood (animals >8 weeks old) and ana­
Iy;?:ed by SI nuclease protection a~says as described previously 
[Fraser et al. 1990). Quantitadon of signals was performed using 
a Phosphorlmager (Molecular Dynamics). SI probes fLinden· 
baum and Grosveld 1990/ Milot et al. 1996) were end-labeled 
with T4 polynucleotide kinase and equimolar amounts of each 
end·labeled probe were used per reaction. Amounts of RNA 
analyzed per protection a~say; day to and II embryos, 611g; day 
I I fetal livers, 3 llg; day 12 fetal livers, 2..,.gl day 13, 14, 15, and 
16 [etallivers, l..,.gl adult blood, I..,.g. 

Primacy transcript in situ hybridizllfion 

Embryonic blood IID.5·day] and 12.5· and l3.5·day fetal livers 
were disrupted in PBS. Cells were spotted and immobilized onto 
POlY·l·lysine·coated slides and subsequently fixed in 4% form· 
aldehyde, 5% acetic acid in saline [or 20 min at room temper· 
ature. Slides were further processed and used for in situ hybrid· 
ization analysis and antibody detection as described previously 
(Wijgerde et al. 1995). Probes were labeled with digoxygenin, 
biotin, or dinitrophenol. Transcription signals were quantitated 
by wunting cells (see Table I) using an epifiuorescence micro­
scope. 

[solation of nuclei and DNase I hypersensitive site analysIs 

Nuclei were isolated from 13S-day frozen fetal livers as de­
scribed by Forrester et al. (1990). For each genotype (EKLP' +, 
EKLF-'-] 10 livers were disrupted with 10 strokes of a type B 
pestle. Aliquots (lOO'1l1) were digested with increasing amounts 
of DNase I for 3 min at 37'C. Two aliqouts, one incubated on ice 
and one at 37'C, were devoid of any DNase I and served as 
controls for the zero time point and endogenous nucleases, re­
spectively. Reactions were treated with 250 ..,.gfml proteinase K 
in 0.3 M NaCI, 0.5% SDS, 5 m..'1 EDTA, and 10 mM Tris at pH 8 
at 55'C for 16 hr, phenolfchloroform extracted and ethanol pre­
cipitated. Pellets were dissolved in 80 III of distilled water. 
Twenty microliters of DNA was digested with appropriate rc· 
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miction enzyme and analyzed via Southern blot. The follOWing 
restriction enzymes and probes were used: 'I promoter, EcoRI 
digest, BomHI-EcoRi 'IfVSII fragment) jl promoter, EcoRi di­
gest, BomHI-EcoRI jJlVSII fragmentl human HSI, PslI, 520·bp 
HincH hagmentl human HS2, PstT, 1.5·kb Kpnl-Bgm, human 
HSJ, HindIlI, I.9·kb HindIIlI human HS4, Hindrn digest, 6OO-bp 
BomHI-5acll lJ·maj promoter, EcoRI, l·kb EcoRl-HindIlII 
mouse HSJ, HindlU digest, 1.9·kb HindlIIl mouse ttl and tt2, 
Sac! digest, 6OO·bp BamHI-Sacl. The relative hypersensitivity 
between knockout and wild·type lines was quantitated via 
Phosphorlmage analysis. The ratio of hypersensitive bands over 
parental band was plotted and the slopes of the resulting lines 
were compared. 
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Disruption of the gene for transcription factor EKLF 
(erythroid KrUppe)·like factor) results in ratal anaemia 
caused by severely rtduced expression of the adult 
P'globln gene, wlLile other erythroid-specific genes, 
including the embryonic e- and fetal y-globln genes, 
are expressed normally. Thus, EKLF Is thought to be 
a stage-specific factor acting through the CACC box 
in the p·gene promoter, enn though It is already 
present in embryonic red cells. Here, we show that a 
p·globln gene linked directly to the locus control region 
(LCR) Is expressed at embryonic stages, and that this 
is only modesUy reduced In EKLF'""- embryos. Thus, 
embryonic p-globin expression Is not intrinsically 
dependent on EKLF. To imoestlgate whether EKLF 
functions in the locus conlrol region, we analysed the 
expression of LCR·drh·en lacZ reporters. This shows 
thai EKLF Is not required for reporter acth'atlon by 
the complete LCR. However, embryonic expression of 
reporters driven by S'HS3 of the LCR requires EKLF. 
This suggests that EKLF Interacts directly with the 
CACC motifs In S'IIS3 and demonstrates that EKLF 
is also a transcriptional activator In embryonic erythro­
poiesis. Finally, we show that overexpresslon of EKLF 
results In an earlier s\\1tch from y- to p.globin expres­
sion. Adult mice with the EKLF transgene have reduced 
platelet counts, suggesting that EKLF lenJs affect the 
balance between the megakaryocytic and erythroid 
lineages. Interestingly, the EKLF transgene rescues the 
lethal phenotype of EKLF null mice, selling the stage 
for future studies aimed at the analysis of the EKLF 
protein and Its role In P'globln gene activation. 
Ke)1~'ords; EKLF/P-globin/locus control region/primitive 
erythropoiesis 

Introduction 

The human P-globin gene cluster contains five functional 
genes 5'-e (embryonic)-Gy-Ay (fetal)-&-p (adult)-3'_ 
Expression of these genes is completely dependent on the 
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presence of the locus control region (LCR) upstream 
of the e-globin gene. The LCR contains five DNaseI 
hypersensitive sites, tenned 5'HSI-5. distributed over 
20 kb, and a fully functional 6.5 kb version of the LCR 
containing 5'HSI--4 (!1LCR) has been described (Talbot 
e/ al .• 1989). The functional activity of the 5'HSs resides 
in 200-300 bp 'core' fragments coinciding with the 
hypersensitive areas (reviewed in Grosveld ef af" 1993). 

Erythroid KrtIppel-like factor (EKLF) is an erythroid­
specific transcription factor containing three archetypal 
zinc fingers (Miller and Bieker, 1993). It binds to the 
DNA sequence CCA CAC CCT, which is found in the 
promoter of the adult p-globin gene, and related sequences 
(Feng ef ai" 1994). Naturally occurring point mutations 
in this promoter element, also known as the CACC box, 
result in reduced expression of the p-globin gene linked 
ill cis (reviewed in Thein, 1993), suggesting that EKLF 
is an important activator of p-globin gene expression. 
This notion was confirmed by the phenotype of EKLF 
knock-out mice (Nuez el af., 1995; Perkins et af., 1995). 
These mice die at around day 14--15 of gestation (EI4--
15) due to anaemia caused by failure to express the 
p-gJobin gene_ 

The role of EKLF in the expression of the human 
p-globin gene cluster has been analysed by crossing mice 
carrying the complete human locus into the EKLF null 
background (Perkins el af., 1996; Wijgerde et af_, 1996). 
This showed that the embryonic e· and the fetal y-globin 
genes are expressed at normal levels in EKLP/- fetuses, 
but expression of the adult p-gJobin gene is barely detect­
able. Thus, these data suggest that EKLF exerts its effect 
on p-globin expression through the CACC box in the 
promoter of this gene. Hypersensitivity analysis showed 
that the 5'HS3 region of the LCR was also affected. It 
contains CACC box motifs, suggesting that the loss of 
hypersensitivity is a direct result of the absence of EKLE 
However, the CACC box is also present in the promoters! 
enhancers of many other el)'lhroid-specific genes including 
the a-globins (Philipsen et af., 1990) which are not 
affected. Thus, the loss of hypersensitivity could be an 
indirect effect caused by changes in the interactions of 
the LCR with the P-globin gene (Wijgerde ef af., 1996). 

In the developing mouse embryo, the first erythroid 
cells are derived from the yolk sac and start to appear at 
E7.5. These cells remain nucleated and are referred to as 
primitive cells. The first enucleated el)·throcytes are 
formed in the fetal liver at around EI1.5; both fetal and 
adult el)'throcytes are referred to as definitive cells. There 
is good evidence that primitive and definitive cells arise 
from two independent lineages in the embryo (reviewed 
in Dzierzak and Medvinsky, 1995). Interestingly, the EKLF 
protein is already present in embryonic erythroid cells 
(Southwood el af., 1996), but as yet, no defect in primitive 
erythropoiesis has been reported for EKLP/- mice (Nuez 



et of., 1995; Perkins et of., 1995). Thus, it would appear 
that EKLF is not active in primitive cells. 

In this paper, we have investigated the activity of EKLF 
in the developing erythroid system and its potential role 
in the LCR. First, we demonstrate that a p-globin gene 
linked directly to the J-lLCR is expressed at the embryonic 
stage and that embryonic expression is only moderately 
affected in EKLF-I- embryos. Thus, expression of the 
p·globin gene is not intrinsically dependent on EKLF in 
primitive cells. Secondly, we investigated the link between 
EKLF and LCR activity in the absence of p-globin gene 
sequences through the use of J-lLCR-IaeZ mice (Tewari 
el of., 1996). We show that embryonic expression of 
the pLCR-IaeZ construct is retained in the EKLF null 
background. In contrast, the expression of lacZ constructs 
with only 5'HS3 or the core fragment of 5'HS3 is 
dependent on EKLF in primitive cells, demonstrating that 
EKLF is also active in primitive celis and required for 
the activity of 5'HS3 of the LCR. Next, we investigated 
the effect of increased EKLF levels on y- to p-globin 
switching by expressing EKLF eDNA under the control 
of the P-globin LCR and promoter, The results show that 
increased EKLF levels change the balance from y- to 
P-globin gene expression in definitive cells, suggesting 
that the amount of EKLF influences the rate of the 
switching process. We further used the EKLF transgene 
to rescue the EKLF null mutation. These rescue mice had 
almost normal haematological parameters, with slightly 
reduced haemoglobin levels due to a reduction in the 
number of erythrocytes. Interestingly, wild-type mice with 
the EKLF transgene have reduced numbers of circulating 
platelets, suggesting that EKLF may have a role in 
detennining the balance between the megakaryocytic and 
erythrOid lineages. 

Results 
Expression of the p·globln gene In primitive 
erythropoiesis 
A ~-globin gene linked directly to the LCR is expressed 
prematurely in embryonic erythroid cells (Hanscombe et 
al., 1991; Dillon et a/., 1997). The EKLF protein is known 
to be present in these cells (Southwood et of" 1996) but 
no function has been assigned to EKLF in primitive 
erythropoiesis (Nu'ez et of., 1995; Perkins el of., 1995); a 
Northern blot showing the absence of EKLF-encoding 
mRNA in EIO.5 -/- yolk sac RNA is shown in Figure 
IA. Thus, we wondered whether embryonic expression of 
the ~-globin gene is also dependent on EKLF. To test this 
directly, we used a transgenic line with a single copy of 
the J1LCR-P-globin construct (Figure IB). In E13.5 fetal 
liver, this human p-globin transgene is expressed at the 
same level as the endogenous p-major gene (line pD14 
in Ellis et al., 1996). First, we detennined transgene 
expression in primitive cells. We isolated RNA from EI 0.5 
embryos and quantitated the expression level of the human 
p-globin gene relative to that of the endogenous mouse 
«-globin gene, which is expressed in both primitive and 
definitive cells and is not affected by the EKLF knock­
out. The results are shown in Figure Ie. As could be 
predicted, the p-globin gene is expressed prematurely due 
to the absence of the E- and y-globin genes in the construct 
(Hanscombe el 01., 1991; Dillon et aI., 1997). We then 

analysed expression of the transgene in EKLP-/- embryos. 
Interestingly, there is only a modest (2-to 3-fold), reduction 
in the level of trans gene-derived mRNA in EIO,5 EKLP-/­
embryos, while expression of the transgene is more 
drastically affected in 813.5 EKLP-/- fetal\iver (>6-fold 
reduction). This reduction is smaller than reported pre­
viously for adult p-globin expression (perkins el af" 1996; 
Wijgerde el af., 1996) which could be the result of the 
presence of human P-globin mRNA in circulalingprimitive 
cells. We therefore performed primary transcript ill situ 
hybridization to detennine the percentage of cells actively 
transcribing the transgene (Wijgerde et of., 1995). Probes 
detecting transcription of the mouse «-globin genes were 
used as a control to establish the number of erythroid 
cells in each preparation. Figure ID shows that the 
p-globin transgene is actively transcribed in >95% of the 
cells in 8KLF+I+ E I 0.5 blood (fable I). In the absence 
of EKLF. active transcription of the human p-globin gene 
is observed in ~55% of the cells, in good agreement with 
the S1 nuclease analysis. Interestingly, human j)-globin 
gene transcription is detected in < I % of the cells in 
EKLP-/- fetal liver, while 95% of E13.5 EKLF+I+ fetal 
liver cells actively transcribe the transgene (Figure ID 
and Table I). The extremely low number of cells expressing 
the Iransgene in EKLp--I- mice closely resembles previous 
observations on adult P-globin gene transcription 
(Wijgerde et 01., 1996). Thus, the relatively high level of 
human J3-globin mRNA in E13.5 fetal liver of EKLF-I­
mice observed by S 1 nuclease analysis is due to earlier 
expression of the transgene in primitive erythroid cells 
still present in the circulation at E13.5. 

We conclude that EKLF has only a modest effect on 
the expression of the human p-globin transgene in primit­
ive cells, implying that expression of the p-globin gene is 
not intrinsically dependent on EKLF in this lineage. 
Howe\'er, EKLF is essential for p-globin expression in 
definitive cells, regardless of the presence of embryonic 
and fetal globin genes. 

EKl.F is a transcriptional activator In primitive 
erythroId cells required for the function of 5' HS3 
The above results gave the first indication that EKLF 
could function as a transcriptional activator in the primitive 
lineage, since we observed a reduced expression of the 
p-globin transgene in EKLp--I- primitive cells. To further 
study the potential role of EKLF in LCR-mediated gene 
activation in embryonic erythroid cells, we used laeZ 
reporter mice in which pLCR constructs drive expression 
of the laeZ gene from a basic. non-erythroid promoter 
(Tewari et 01., 1996). Three different constructs were used 
(Figure 2A). The first contained the pLCR, as used in the 
pLCR-P-globin construct described above. The second 
construct contained the 1.9 kb 5'HS3 fragment of the 
J1LCR, and the third construct contained only the 225 bp 
core fragment of 5'HS3 with six potential EKLF binding 
sites (philipsen et al., 1993; Philipsen et al., 1990). IneZ 
expression of the plCR and 5'HS3 transgenes is confined 
to primitive cells, while the core 5'HS3 transgene is also 
expressed in definitive erythroid cells (not shown; Tewari 
et al., 1996). 

The three reporter lines were bred into the EKLp--I­
background, and expression of the laeZ reporter gene in 
primitive cells was assayed by X-gal staining of EIO.5 
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Fig. 1. bpression of the ¢.CR-~-g!obin transgene in EKLF nllU mice. CA) Absen<:e of EKlF mRNA in EIO.S EKLr'~ yolk sac. Total RNA was 
isolated from EIO.S day yolk sacs, subjected [0 Northern bloning and h)'bridized \o\ith EKLF eDNA to delIl()nstrate the absence of EKLF e!rOOd/og 
mRNA in the knock-out samples (lOp). To control for loading of the g<!l, the same blot was rehybridized with a eDNA encoding the h~m synthesis 
enzyme ALA-S (bonom). (B) The human jl-globin loclls and the illeR-ii-globin constoh:t. The J.lLCR was directly linked to the human Il-globin 
gene, and this construct was used to generale a single copy transgenic mouse line (JlD14 in Ellis (/ o/., 1996). (C) The expression of the 
).lLCR.~globin transgene in primith-c and ddinilh'e cells of +/+, +/- and -/- EKLF fetuses. The fetuses wee<: dissected at the stages indk.tlted, 
genot)'ped, and RNA was isolated from the whole embryo (EIO.5) or the fetallh'u (EI35). E'pression of the transgene was delenninw ... ith the 
SI-nuclease protection assay; the endogenous mouse «.globin mRNA was Ilsed as an internal control. The results were quantitated on a 
PhosphorJrnager. The sp¢Cif\c acth'jl)' of the human Il'globin probe was appfo~im3tely six times higher than that of the mouse «.globin probe. 
(0) Primary transcript in silu h)'bridization of trarugene e~pressjon in EKLF knock·out mice. Cells were isolated from EIO.S blood or E13.5 fetal 
li\'er and subjected to in situ hybridization to detect active transcription of the j3-globin transgene (\\~jgude et aI" 1995). Genotypes of the fetuses 
are as indkated. Representative e~amples of cells with signals corresponding to (l·globin (green) and human j3-globin (red) are shown. 

Table I. In situ hybridization analysis of human Il·globin tranmiption in E10.s blood and Ell.5 liver cells of EKLF knock<{lut mice 

Genotype Time point 

pLCR!j3·globin, EKLF+!+ EIOS 
J.1l.CRIj}·globin, EKLP-/- EIO.S 
pLCRJjl-globin, EKLF+(+ E135 
pLCRJIl·globin, EKLP-/- Ell.S 

embryos (Bonnerol and Nicolas, 1993), AtEIO.5, erythroid 
expression of the ~LCR-lacZ transgene is easily detectable 
in EKLF""- mice (Figure 28). X-gal staining of erythroid 
cells is greatly reduced in the (multi-copy) 5'HS3·1acZ 
line (not shown) and undetectable in the (single copy) 
core 5'HS3·1acZ line (Figure 2C); this is particularly 
evident when the yolk sacs are stained (compare with 
Figure 2D and E). Note that the position effect, i.e. lacZ 
expression outside the erythroid system (Tewari et al., 
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1996), is unaffected in the core 5'HS3·1acZiEKLp-t­
embryos (Figure 2C). To demonstrate that the observed 
effects on lacZ activity are due to reduced transcription 
of the transgenes, we perfonned ill situ hybridizations to 
detennine the percentage of cells actively transcribing the 
lacZ reporter gene (Wijgerde et 01 •• 1995: Tewari et al., 
1996). These experiments are summarized in Table II and 
show that there is a small reduction (from 14 to 10%) in 
the number of cells wim lacZ transcription spots in ~LCR-
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Fig. 2. Activation of IlleR- and j'HS3·!acZ reporter genes in EKLF knlXk-out mice. (Al Schematic drawing of the ttansgene wn.\lrUcts. The multi­
CQPY IlleR.laeZ and 5'HS3·{acZ transgenic lines have !xcn described (lines 'b' in Tewari e/ af., 1996), the core j'HS}·/acZ line carries a single 
copy of the transgene. (8) Embryos were diss.!(led al EIO.S, fixed and stained for Il.galactosidase acTivity as described previously (Bonnerot and 
Niro!as. 1993; Tewari (/ al., 1996), Shown are a JlLCR-!acZlEKLp+1+ (left) and a j.lLCR./acllEKLr'- (righT) embryo. (C) As (B), excepl that core 
j'HSJ·lacZlEKlF+l+ (Iefl) and role j'HSJ·!acZJEKLr'- (right) embryos are sho\\TI. Arrows indicate the presence of embryonic blood in thoe heart 
which dOl!s not stain blue in the core j'HS3·IacZJEKLr'- embryo. NOTe that the posiTion effect of the core j'HS)·/acZ line is unlff~ct~d by ~ 
EKLF kllock-out (see Ie.'!). (0) X·gal stained yolk sacs of EIO.5 core 5'HS3.lacZlEKLF+1+ and (E) «Ire 5'HS3-lacZlEKLp-I- embryoS, showing 
the ab>en~e of J3--ga!actosidase activity in circulating EKLF""- primitive cells; arrowhe.ads indicate blood·tilled arteries. 

lacZlEKLF-'- transgenics. In j'HS3·lacZlEKLP-/- and 
core 5'HS3IEKLF-'- mice. Ihere is a > lO·fold reduction 
in the number of cells with lacZ transcription spots; a 
> lO·fold reduction was also found in E13.5 fetal liver 
cells of core 5'HS"3IEKLP-/- mice, as expected. Together, 
these data imply that EKLF is not essential for transcrip­
tional activation by the JlLCR, in agreement with observ­
ations on the JlLCR-p·globin transgene (this paper) and 
the complete human p-globin locus (Perkins et al., 1996; 
Wijgerde et al., 1996). However, the activity of j'HS3 
and the core of j'HS3 is dependent on the presence of 
EKLF. Furthermore, our data show unambiguously that 
EKLF is a functional transcriptional activator in primitive 
cells. This activity ofEKLF has previously gone unnoticed 
(Nuez et af" 1995; Perkins el af., 1995; Wijgerde el al., 
1996). 

Increased EKLF levels expedite the switch from 
r- to p·globln expression 
It has been proposed that globin switching is mediated 
through a gradual change in the transcription factor 
environment (Grosveld el al., 1993), and previous experi­
ments carried out with transgenic mice harbouring the 
complete human p·globin locus showed that the switch 

Table IT. In situ hybridization analysis of facZ trarucription in mo.5 
blood of EKLF kllock-out mi,e 

Genot}'pe Percentage of cells 
with lacZ nuclear 
signal 

~LCR.[acZ. EKLF+I+ 14 
~CR.fa,Z. EKLF"'- 10 
5'HS3·{acZ, EKLF+!+ 15 
5'HS)·[acZ, EKLF""- I 
core5'HS3·/acZ, EKLF+I+ 19 
core5'HS3·{acZ, EKLF"'- <1 

Percentage of cells 
with a·globin 
nuclear signals 

95 
92 
97 
97 
98 
92 

from y- to p·globin expression, which occurs in the fetal 
liver between El2 and E14, is delayed in EKLF+!- mice 
(Wijgerde el a/., 1996). This suggests that EKLF is present 
at critical levels in switching cells, thus we asked if 
increased EKLF le\'els would also influence switching. 
To investigate this, we cloned a eDNA encoding the 
mouse EKLF protein in the expression vector pEV3 
(Needham et al., 1992). This vector contains the p.LCR, 
the first 400 bp of the p·globin promoter, a modified 
p·globin gene and the 3' flanking region of the p·globin 
gene (Figure 3A), Two transgenic mouse lines (EKLF-
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Fig. 3, E.~pression of EKLF under the control of the j3-gJobin promoter and LCR. (A) The cDNA encoding EKLF was doned in the e"pre~sion 
\'ector pEV3 (Needham tI al .. 1992). The LCR and a modified \'ersion of !he Il-globin gene. used to drh'e e~preSl;ion of EKLF cDNA in erythroid 
cells, art shol'oTi. Renriclion enz)me sites u~d to iwlale the microinjulion fragment for lransgenesis are indicated. (8) Western blot analysis of 
EKLF e~pression. Ten J.18 of protein, isolated from E13.5 fetalliyers with the indicated genotyp¢ (\lot, wild-type; tg. pEV.EKLF transgenic). were 
fractionated on a 12.5% PM-50S gel and blo1!ed Onto a PVDF membr;me. The blot was probed wili! a rabbit antj·EKLF polyclonal antibody (lOp). 
As a loading control, the blot was reprobed with a mouse monoclonal antibody recognlzing the 62 kDa subunit of TF-IIH. (C) 1M dfe.:! of 
iocre=d EKLF lewis on y- and jl-globin gene e.'pression. Mice carrying the complete 70 kb human J3.globin locus were crossed ",ilb the EKLF· 
pEV transgenics. Fetuses were dissected at the stages indicated, genolyped, and the eJlpression of human y. and jl.globin mRNA was de!ennined 
",ilb quantitative SI-nuclease protection analysis (Wijgerde tt 01., 1996). The reduction in the y;jl ratio in the pre~nce of the pEV·EKLF transgene 
was consistently found in three independent litters for each time point (data not shown). The probes were la~Hed to approJlimately equal specific 
acthities. 

pEV) were generated with this construct. Western blot 
analysis of E13.5 fetal liver protein shows modest over­
expression (2- to 3·fold) of EKLF in one of these lines 
(Figure 3B). This line was crossed with mice containing 
the human ~.globin locus (Strouboulis et 01., 1992) to 
analyse the expression of y- and ~·globin mRNA in E12.5 
and E13.5 fetal liver. The results of the SI nuclease 
analysis are shown in Figure 3C. The level of endogenous 
mouse a-globin mRNA was used to control for the amount 
of RNA used in each sample. Quantitation of these data 
reveals that the ratio of y/~-globin expression decreases 
earlier in mice carrying the EKLP-pEV transgene, i.e. 
with a higher EKLF level. Thus, we conclude that the 
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rate of y- to P-globin gene switching correlates with the 
level of EKLF (Wijgerde et a1., 1996). 

The EKLF transgene fescues the lethal phenotype 
of the EKLF null mutation 
The EKLF·pEV mice should express transgene·derived 
EKLF in primitive and definitive cells (Hanscombe el of., 
1991). Thus, this transgene might rescue the lethality of 
the EKLF null mutation. To test this, we bred the EKLP­
pEV transgene into the EKLP-/- background. In the F2 
generation, we obtained mice with an EKLP-pEVIEKLr'­
genotype with both transgenic lines at the expected 
Mendelian ratio (data not shown). As could be expected, 



Table III. Haematological parameters of adult pEY·EKiF rescue mice 

EKLF +1+ EKiF +/- EKLF...f- pEY·EKiF EKLF+!+ pEV·EKLF 
(n = 7) (n = 7) (n = 7) (n = 6) 

RBe {X 1012) 8.8 .:!:: 0.5 8.3:!: OJ 6.5' ::!: 0.8 8.9 ::!: 0.6 
HOB (mmolll) 8.2::!: OJ 7.6b ::!: 0.5 6.4' :!: 0.8 8.0 ::!: 0.5 
HCT(I/I) 0.51 ± 0.02 0.49 ::!: 0.03 0.41' ± 0.05 OJI ::!: 0.03 
MCV{ft) 58.4 ± 2.4 59.6::!: 1.5 63.7' :!: 3.4 51.4:!: 1.5 
PLT (XIO'}) 1360 ± 63 1391 ± U8 J213b .:!:: 139 963' ::!: SO 

RBC, red blood cells; HOB. haemoglobin; HCT, haemtocrit; MCY, mean cell ,"o!ume; PLT. platelets. 
'indicates values that are "ery significantly different from the v.ild·typ;: fp<O.OO$) using a Student's or Welch unpaired (·test. Data are gh'en 
::!: SD. 
~indicates values that are significantly different Crom the wild·type (O.04>p>O.()(»). 

Ihe EKLF-pEV transgene also rescues expression in the 
primitive cells of the 5'HS3-IaeZ mice discussed above 
(data not shown). 

Haematological analysis of adult mice shows that 
EKLF.pEVIEKLP-/- mice have lower red blood cell 
counts, haemoglobin content and haematocrit in com­
parison with wild· type mice, while the mean cell volume 
of the erythrocytes is increased (Table III). Thus. erythro­
poiesis is still slightly impeded in the rescue mice, which 
might be caused by inadequate expression of transgene­
derived EKLF. In addition, we observe that platelet counts 
are lower in EKLF-pEV IEKLF-I-. and even further reduced 
in EKLF-pEVIEKLF+1+ mice. Finally, in agreement with 
the analysis of fetal erythropoiesis (Nuel et al., 1995; 
Perkins et ai., 1995), the EKLF+I- mice have haemato­
logical values that are close to those found for EKLF+1+ 
mice, although the slightly reduced haemoglobin content 
might indicate a very mild phenotype. 

In conclusion, we show that the expression of transgene­
derived EKLF rescues the lethal phenotype of the EKLF 
null mutation. This fonnally proves that the phenotype of 
the EKLP-/- fetuses was indeed the result of the mutation 
in the EKLF gene. and not some other defect in the ES 
cells or an unknown other gene that might be present at 
the EKLF locus. 

Discussion 

Expression of the p·globln gene Is not completely 
dependent on EKLF In primitive cells 
EKLF is essential for high level expression of the adult 
p.globin genes, and EKLp-i- mice die of anaemia at EI4-
15 due to defective erythropoiesis caused by severely 
reduced p-globin levels (Nuez et ai" 1995; Perkins et al., 
1995). Transgenic mice with just a p-globin gene driven 
by the IlLCR express the transgene prematurely in primit­
ive cells (Hanscombe et aI" 1991); we have used a single 
copy transgenic line with such a construct (Ellis et al., 
1996) to assess the potential role of EKLF in embryonic 
p-globin expression. Surprisingly, there is only a modest 
reduction in human p-globin roRNA levels in ElO.5 
EKLp-i- embryos, This reduction is reflected in the number 
of cells actively transcribing the transgene, as analysed 
by primary transcript i/l situ hybridization (Wijgerde et al., 
1995). In EKLF+I+ celis, transcription foci of the transgene 
are detected in the nuclei of >95% of the erythroid cells, 
and in EKLP-/- cells in ~55% of the nuclei. This indicates 
that the p·globin gene is transcribed only part of the time 
in --/- primitive cells. which could be attributed to a less 

stable interaction between the LCR and the P'globin 
promoter (M:i1ot et al., 1996). However. the gene is 
transcriptionally competent and still transcribed at high 
levels. This is in sharp contrast with the observations in 
definitive cells of E13.5 EKLp-i- fetal liver. Primary 
transcript ill situ hybridization shows a dramatic reduction 
in the number of cells actively transcribing the P-globin 
gene. In agreement with data on the expression of the 
p·globin gene in the intact globin locus (\Vijgerde et al .• 
1996), fewer than 1 % of the cells contain a nuclear 
transcription focus of the transgene. In controllittennates, 
a transcription signal is detectable in >95% of the cells. 
Thus, expression of the p-globin gene is strictly dependent 
on the presence of EKLF in definitive cells. However, the 
expression in primitive cells shows that the p-globin gene 
is not intrinsically dependent on EKLF. Rather, this 
dependency is acquired in definitive cells through an as 
yet unidentified mechanism. A more restrictive chromatin 
environment in definitive cells, as has been proposed to 
explain the embryonic expression pauem of many IlLCR­
laeZ transgenes, could be such a mechanism (Tewari et al., 
1996). Consequently, the autonomous silencing of the E­

and y-globin genes (Grosveld et al .• 1993) might at least 
in part be an intrinsic property of these genes mediated 
by repressive chromatin interactions. 

EKLF Is required for the function of 5'HS3 and Is a 
transcriptional activator In prImitive erythropoiesis 
The promoter of the human P'globin gene contains a 
canonical binding site for EKLF (Feng et al., 1994). Thus, 
it is likely that direct binding of EKLF to this element is 
mandatory for high level expression of the gene in 
definitive cells (Perkins et al., 1996; \Vijgerde et ai" 
1996). In addition, EKLF binding sites are found in the 
hypersensitive sites of the LCR (Grosveld et al., 1993). 
The best example is provided by 5'HS3, the only element 
of the LCR that can reproducibly direct expression of 
single copy globin transgenes in mice and, therefore, has 
been postulated to provide a dominant chromatin opening 
activity (Ellis et al., 1996). The 225 bp core fragment of 
5'HS3 contains six potential EKLF binding sites (Philipsen 
et al,. 1990). Intactness of these binding sites is essential 
for the activity of 5'HS3 (Philipsen et al., 1993). Due to 
the overlapping binding specificity of proteins present in 
erythroid nuclei. most notably those belonging to the Spl 
family of transcription factors. it is not known which 
proteins bind to these sequences ill vivo (Philipsen et al., 
1993). To separate the LCR binding sites from those of 
the promoter, we used mice with a lacZ reporter gene 
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and a non-erythroid minimal promoter linked to LCR 
derivatives (Tewari el al .• 1996) and analysed reporter 
gene expression in EKLF null mutants. Consistent with 
the analyses of the p-globin loci (Perkins et al .• 1996; 
Wijgerde et al., 1996), the I1LCR-lacZ construct is still 
active in EKLp--I- embryos. In contrast, expression of the 
5' HS3·lacZ and core 5'HS3·1acZ transgenes is greatly 
reduced in EIO.5 blood, showing that EKLF is required 
for transcriptional activation by 5'HS3. These results 
suggest that EKLF binds directly to the core fragment of 
S'HS3. Our observations are consistent with the reduced 
hypersensitivity of 5 'RS3 in EKLp--I- fetal livers (Wijgerde 
el af" 1996) and the phenotype of the 5'HS3 deletion in 
mice (Hug et af., 1996). This deletion has a very smail 
effect on the expression of the linked embryonic ey and 
Phi genes, while adult p-glohin expression is reduced 
by 30%. 

The results with the lacZ transgenics show that EKLF 
is a functional transcriptional activator in primitive cells, 
in addition to its previously described activity in definitive 
cells (Nuel. et al., 1995; Perkins et af., 1995; Wijgerde 
et af., 1996). Thus, EKLF may activate specific genes in 
the primitive lineage, but reduced expression of these 
genes in EKLp--I- embryos would not result in an obvious 
phenotype. Experiments aimed at the identification of such 
EKLF target genes in the primitive and definitive lineage 
are in progress. 

The level of EKLF influences globin gene switching 
We have assessed the effect of increased EKLF levels on 
y- to p-globin switching in transgenic mice with the 
complete human p-globin locus (Strouboulis et al .• 1992). 
Globin switching is a gradual process in which the cells 
change from y- to p expression over a period of -2 days 
(Wijgerde et al., 1995). It has been proposed that switching 
is effectuated by subtle changes in transcription factor 
environment (Gros\'eld et al .• 1993). In accord with this 
notion, our data show that higher EKLF levels result in 
an earlier switch from y- to p-globin expression in the 
felalliver. Thus, the timing of switching is influenced by 
EKLF levels, and higher than normal EKLF levels expedite 
the switch. These data are compatible with the prevailing 
model that the LCR acts as a holocomplex activating only 
one gene at a time (Wijgerde et al., 1995). EKLF might 
increase the stability of interactions between the LCR and 
the p-globin promoter. Hence, we propose that higher 
EKLF levels will reduce the time the LCR spends activat­
ing the y-globin genes, thus resulting in an earlier switch 
(Wijgerde et al., 1996). After switching has completed, 
increased EKLF levels no longer affect p·globin gene 
expression, presumably because EKLF is present at 
saturating levels in adult erythroid cells. This is consistent 
with the observation that the mouse and human P'globin 
genes are expressed at wild-type levels in EKLF+!- mice 
(Wijgerde el af., 1996). 

The EKLF·pEV trans?-ene rescues the lethal 
phenotype of EKLr - mice 
We show that the lethal phenotype of EKLp--i- mice can 
be rescued by expressing EKLF under the control of the 
P-globin LCR. The haematologicai analysis shows that, 
compared with wild-type mice, adult EKLF rescue mice 
have lower red blood cell numbers, haemoglobin concen-
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Iration and haematocrit, and a slightly increased mean cell 
volume. Thus, a subtle phenotype remains in these rescue 
mice which indicates that appropriate developmental 
expression ofEKLF is important for normal eT)'lhropoiesis. 
This notion is emphasized by the observation that pEV­
EKLFIEKLF+I+ mice have significantly reduced numbers 
of platelets. suggesting that EKLF may affect the balance 
between the megakaryocytic and erythroid lineages. 
Hence. there might be an unexpected link between EKLF 
and megakaryopoiesis, as has recently been described for 
another erythroid-specific transcription factor, GATA-l 
(Shivdasani et af., 1997), 

The rescue experiment sets a platform for the analysis 
of EKLF protein domains required for high level p-globin 
expression. EKLFtransactivation domains have been char­
acterized in cell culture assays, and a cellular factor 
interacting with EKLF has been implicated in EKLF­
mediated transcativation (Chen and Bieker, 1996). These 
observations can now be stringently tested through the 
rescue of EKLp--I- mice. Furthermo~e, co-immunoprecipit­
alion of EKLF and its interaction partners from primary 
erythroid cells could be attempted after the introduction 
of an epitope tag into the EKLF transgene. 

Materials and methods 

TransgenIc mIce 
The EKLF-pEV construct was generated by ioserting th.e EKLF cDNA 
into the 8gm site of the pEV3 expression vector (Needham el 01., 1992). 
The microinjection fragment was released by digestion \lith AaIII and 
Ihp718, gel purified and used for tramgenesis as deKribed (Kollias 
tl 01., 1986). The 225 bp core fragment of 5'HS3 (PhiHpsen tl 0/., 1990) 
was cloned in a larZ reporter \'ector (Kothary tl of., 1988) and digested 
\\.ith Hilldlii and AJP718 to obtain the microinjection fragment. The 
other transgenic lines used in this study ha\'e been deS(ribed before: 
V-LCR.~globin line IlD 14 (Ellis a 01., 1996); J.llCR-lacZ line b and 
5'HS)·/acZ line b (Tewari el at., 1996); 70 kb human ~.globin locus 
line 72 (Strouooulis tI 0/., 1992) and EKLF knock-(R)t mice (Nun 
tl 0/., 1995). 

DNA and RNA analys/s 
Genomic mouse DNA was prepared from part of the body of the fetuses 
or tail clips from adult mice. The mice were genoly~d by Southern 
blot analysis (Strouboulis el 0/., 1992: Nuez el 0/., 1995; Ellis el 01., 
t996; Tewari tI al .• 1996). RNA was isolated from e!)'throid tissues and 
globin gen-e expression was quantitated by SI nudea.se analysis as 
described (Strouooulis et 01., 1991; \\~jgerde et of., 1996). Northern 
blotting was done as described (Talbot e/ 01., 1989). Probes used were 
the complete EKLF cDNA and a cDNA detecting the erythroid-specific 
form of aminolevulinate synthase (ALA·S), a kind gifl of Dr Peter 
Curtis (Boston). 

Protein analysfs 
Protein was isolated from E13.5 liwr, and lO!lg was used for Western 
biOI analysis \lith a rabbit anti·EKlF polyc!onal antibody (Southwood 
tt of., 19%), a kind gift of Dr J.J.Biehr (New York). A mouse 
monoclonal antibody recognizing the 62 kDa subunit of THn·H was 
used as a loading control; this antibody was generously provided by Drs 
B.\\'inkler and O.\\'eeda (Rotterdam). 

LscZ stainIng 
The day of the "aginal plug was taken as EO.5. The embr)'os were 
dissected out of the deddua and fixed on ice in a solution tontaining 
l'k fonnaldehyde and 0.5% glutaraldehyde in PBS for 30 min. They 
were then rinsed in embryo buffer (PBS, 0.02% NP-IO, 0.01% deoxychol­
ate. 2 roM MgCI2) and incubated in staining solution [I mglml X·gal, 
5 mM KjFe(CN)6. 5 mM JYFe(CN)6 and 1 mM EGTA in embryo 
buffer]. After 3-4 h at 37'C. O£ o\'emight at room tem~rature in the 
dark, the staining reaction was Mopped by removing this solution and 
riming the eml:>ryos in PBS. 



In situ hybrldi~atlon on erythroId celfs 
EiO.5 embryonic blood from the heart or EIJ.5 li~wcens from individu~1 
r~tuses were disrupted in 50 and 150 jll of PBS re'p«tive!y. Twenty jll 
of this c~1l5usp.:nlion \las fi-'led onlO a poly-lysine costed slide in 4'.1 
formaldehyde, 5% acetic acid for 20 min at room temp.:rature. The cells 
were th~n \lashed three times for 10 min in PBS and stored in 70'.1 
ethanol at -20'C. 

Three probes were utilized for in situ hybridization. A nkk·trarulaled 
biotinylated (acZ probe was used for the detection of (acZ transcription 
([ellan et a(., 1996). A set of four biotin)'[ated oligonucleotides was 
used to d~tect human p..globin transcription (Dillon et al., 1997). DlG­
labdled mouse «·globin intron·spedfk oligonucleotides were used to 
~\'eal the ef),throid ails. (Tewari e/ al., 1996). Hybridizations were done 
as d~scrib.!d (\\ljgerde el ai., 1995; Tewari er ai., 1996). The lacZ 
h)bridization mi.~ ('Ontained 50% formamide and 10% de~tran sulCate. 
For antibody d~te.;tion, the Tyramid amplification system (TSA) of 
Dupont was used (Raap el a(., 1995). For quantilation, -300 cells were 
scored for each slide. The reproducibility of these data fell within a 10'.1 
error m.agin. 

Haemat%9Tcal analysTs 
Adult mice (3-5 months of age) wer~ bled by orbi13l bleeding, and 
blood samples were analys~d on an F800 mkf<xdl counter. Statistical 
analysis was done by unpaired tII'o-sided HeSling. 
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Abstract 
We have used a kinetic analysis to distinguish 
possible mechanisms of activation of 
transcription of the different genes In the p 
globin locus. Based on in situ studies at single 
cell level we have previously suggested a 
dynamic mechanism of single genes alternately 
Interacting with the locus Control Region 
(LCR). However those steady state experiments 
did not allow a direct measurement of the 
dynamics of the mechanism and the presence 
of loci with two gene signals In cis has left open 
the possibility that multiple genes In the locus 
could Initiate transcription simultaneously. By 
utilizing transcription Inhibition and release In 
conjunction with RNA FISH we show that 
multiple p-gene primary transcript signals In cis 
represent a transition between alternating 
transcriptional periods of single genes, 
supporting a dynamic Interaction mechanism. 

Introduction 
Several models have been proposed for 

the activation of gene transcription after chromatin 
activation of a locus. In one model, the genes 
would simply be accessible to binding of 
transcription factors and be transcribed in a 
stochastic fashion (Groudine and Weintraub, 1982; 
Martin et aI., 1996). In such a model the 
dimensional aspects of the locus would not play an 
important role. In a second model regulatory 
sequences could be the entry site of (part of) the 
transcriptional machinery which would scan the 
DNA for genes to be transcribed (Herendeen et aI., 
1992; Tuan et aI., 1992). Such a model is basically 
linear and predicts that the order of the genes 
relative to the regulator is an important parameter. 
In a third model it has been proposed that gene 
regulatory elements participate in direct chromatin 
interactions with regulatory elements at a large 
distance as a prerequisite to transcriptional 
activation (Ptashne, 1988; Bickel and Pirolta, 1990; 
Mueller-Storm et ai., 1989; Foley and Engel, 1992; 
Wijgerde et aI., 1995; Dillon et aI., 1997). Such a 
looping model is three dimensional and predicts 
that the relative distance of the genes to the 
regulator is important. All these models have been 
put fOlWard to explain the role of the hUman p­
globin locus control region (LCR) in the 
developmental regulation of transcription of Ihe p­
gene cluster (Martin et aI., 1996; Tuan et aI., 1992; 
Wijgerde et al., 1995; Dillon et aI., 1997). 

The p-globin system has long been a 
prototypic system for the study of transcription In 
vertebrates (reviewed in Grosveld et al., 1993). The 
locus consists of five active genes that are 
activated and silenced at different stages of 
erythroid development (Fig 1). The expression of all 
of Ihese genes is dependent on the presence of the 

LCR which is located 15kb upstream from the e 
gene (Grosveld et aI., 1987). The e gene is 
expressed first in the embryonic yolk sac followed 
by a gradual switch to expression of the y genes 
between six and ten weeks of gestation. They 
predominate during the fetal1iver stage. In the late 
fetal liver and neonatal stages, there Is a second 
transition to expression of the p gene and the y 
genes are almost completely silenced during adult 
life. When the locus is introduced in transgenic 
mice a similar expression· pattern is observed, 
although the y genes are expressed early in the 
embryo and are switched off at day 16 of 
development In the fetal liver (Slrouboulis et aI., 
1992; Peterson et at, 1993). The analysis of 
mutated loci found in patients and the use of single 
e, y and p genes in transgenic mIce have shown 
that the e and y genes are supressed autonomously 
through sequences directly flanking the genes 
(Oilton et ai., 1991; Ralch eta!., 1990). However the 
p globin gene when present in the whole locus Is 
(at least in large part) silenced during early 
development in a non autonomous manner. This fl­
globIn gene suppression can be explaIned by a 
scanning mechanism because genes closer to the 
regulatory sequences would have a natural 
advantage over distal genes due to proximity. This 
would also be the case in a looping mechanism, 
proximal genes would have a higher frequency of 
Interaction with the regulatory sequences and thus 
have a competitive advantage over distal genes 
(Giglion! et aI., 1984; Enver et at. 1990; 
Hanscombe et aI., 1991; Peterson and 
Stamatoyannopoulos, 1993; Dillon et aI., 1997). 
However this would not be the case In an 
accessability model and hence an extra parameter 
was postUlated to explain the silencing of the distal 
p-gene in early development, namely a process of 
Interference of the proximal genes with the distal 
genes via some topological constraint (Martin et ai., 
1996). 

Recent analysis of primary transcription In single 
cells (Wijgerde et ai., 1995, 1996) and the results 
obtained by placing a second I} globin gene at 
different positions in the locus (Dillon et al.. 1997) 
support a dynamic looping mechanism with single 
genes alternately interacting with the LCR. 
However, the presence of a minority of loci which 
display two gene signals in cis (Wijgerde et aI., 
1995) could be interpreted as evidence in support 
of the scanning or the accessabiJity model of 
initiation (Martin et al 1996). Thus a crucial 
difference between the looping model and the 
others is single vs multiple gene activation at any 
moment in any locus. We have therefore used a 
novel kinetic analysis utilizing transcription 
inhibition and release in conjunction with RNA FISH 
to show that multiple jl-gene primary transcript 
signals In cis represent a transition between 
alternating transcriptional periods of single genes, 
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rather than the co-initiation of transcription of 
multiple genes In the locus, 

Results 
The lifetime of the in situ hybridIzation sIgnals 

A key parameter In a kinetic analysis of 
the transcription process in vivo using in situ 
hybridization, is the time required for a signal to 
decay below the level of detection. To enable the 
detection of short lived events we probed for the 
presence of intronic RNA as these sequences are 
cleaved rapidly from the primary transcript and 
degraded. We used actlnomycln-D to measure the 
detection lifetime of the primary transcript signals at 
days 11.5 (Fig. 1) and 12.5 (not shown) of 
development in the foetal liver. On both day 11.5 
and 12.5, the intron signals of the l;;, a, y and 13-
genes all disappear below detection level 7.5 
minutes after the addition of actinomycin-D (Fig. 1c 
and d). Interestingly the intron signals of Ihe l;; and 
the a genes do not decrease Immediately when 
compared to the J3-like genes. This could indicate a 
possible difference between the two loci (see 
below), but could also be due to experimental 
parameters such as a higher sensitivity of the a-like 
probes. Unfortunately aclinomycln-D inhibition is 
irreversible and hence cannot be used In 
reactivation experiments. 
We therefore used 5,6-dlchloro-1-b-O­
ribofuranosylbenzimidazole (ORB) to reversibly 
inhibit pol-lIlranscriptional elongation in single copy 
human J3-globin transgenic mouse (Strouboulis et 
aI., 1992) fetal liver cells. Previous studies have 
shown that ORB does not affect Initiation of 
transcription (Fraser et aI., 1978; Marshall et aI., 
1992) but prematurely aborts elongating transcripts 
up to 400-600 bp from the initiation site (Chodosh 
et aI., 1989; Marshall et a!., 1996) by inhibiting the 
aclivity of the P-TEFb kinase which phosphoryiates 
the carboxy terminal domain (CTD) of pol-II 
(Marshall et al.,1996). We tested this in transgenic 
mouse fetal liver cells using in situ hybridization 
with probes that hybridize at different distances 
relative to the site of initiation of the f}-globln 
primary transcript. In situ signals with probes that 
hybridize to intron 1, located In the first 300 bases 
of the primary J3-globln transcript (Fig,1b) are still 
visible in 85% of the cells after 15 minutes of ORB 
treatment (Figure 2a,c), when compared to the non 
ORB trealed control. Probes that hybridize to Intron 
2, 600-1200 bases 3' of the initiation site (Figure 
2a) have completely disappeared after 7.5 minutes 
of ORB treatment (Figure 2b,c). The ORB results 
confirm earlier reports which suggested that in the 
presence of ORB, the process of transcription 
initiation is nol disturbed but only elongation Is 
affected resulting In short, prematurely aborted 
transcripts. Since initiation continues and the 
balance between y and j3 is maintained we 
conclude that whichever mechanism (scanning, 
accessibi11ty or looping) is responsible for the 
activation of the genes, it Is not disturbed by the 
addition of ORB. The result also shows that after 
inhibition of transcription by ORB the lime required 
to decay the existing J3-globin intron 2 primary 
transcript signal via spliclng, to levels beyond the 
limit of detection is in good agreement with the 
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actfnomycin-D results (Flg.1c,d). The same Is found 
for the a-like and the y genes (not shown). 

Kinetic analysis of single and double prImary 
transcript signals 

Primary transcript In situ hybridization with gene­
specific Intron probes for human y- and Il-globln in 
transgenic 11.5 day fetal liver cells containing a 
single copy of the complete human p-globln locus 
show single gene transcription signals in 
approximately 85% of the hUman globIn loci 
(Wijgerde et aI., 1995). A small percentage of loci 
(-15%, eg, fig. 3a, boltom right) contain signals for 
both y- and J3-globln genes in cis and II Is these 
signals that make a distinction between the 
different mechanisms difficult. If double signals are 
due to simultaneous initiatton of the y- and p genes 
(on a random basis) according to the accessabifity 
and scanning models then release of the ORB 
block should result in the reappearance of double 
signals at the same rate as single signals. A lag in 
the reappearance of double signals would be 
indicative of single gene initiation. Double signals 
would result from the overlap between decaying 
primary transcripts (7.5 minutes, see above) from a 
recently active gene and the nascent transcription 
of an active gene as predicted from the alternating 
Initiation of genes, Thus release from the ORB 
block in that case would predict an early 
reappearance of single gene sIgnals (using intron 2 
probes) followed by the delayed reappearance of 
double gene sIgnals, 

We treated transgenic 11.5 day homozygous 
fetal liver cells with ORB for 15 minutes to block 
elongation of globin primary transcripts (Fig.3 a, b). 
The cells were then released from the ORB block 
by washing with PBS and aliquols of cells were 
fixed onto slides at various intervals and prepared 
for in situ hybridlzalion as previously described 
(Wijgerde et al., 1995). The cells were probed with 
Inlron 2-specific probes for human y- and p-globin 
primary transcripts. No transcription signals are 
visible in the zero time point slide immediately after 
the wash (fig. 3b). Five minutes after washing out 
the ORB (figure 3c) primary transcript signals are 
again detectable in a high proportion of cells and 
continue to rise to the level observed before 
addition of ORB. Single (y or 13) and double (y and 
j3 in cis) gene signals were counted and are 
presented in FIgure 4. The results from three 
Independent experiments show that the 
reappearance of double gene signals significanlly 
lags behind the reappearance of single gene 
signats in the population. To determine whether 
there is an Intrinsic bias against the appearance of 
double signals we counted the reappearance of two 
signals in trans (i.e. a signal on each chromosome) 
as an internal conlrol. Their reappearance (fig.4b) 
closely approximales the single signal curves. We 
also calculated a theoretical curve that would be 
expected when the two loci are activated 
independently In trans (not shown). This curve 
coincides with the curve found for the 
reappearance of two signals In trans. We therefore 
conclude that the two allelic globin loci behave 
completely independently from each other in terms 
of transcription (showing a random reappearance of 
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Figure 4. Kinetics of reappearance of single versus double 
gene signals. Panel a; y- and 3-91ob1n In situ signals (see 
fig 2) were scored after release of the ORB block to lransctiplion 
elongation in 11.5 day felal liver cells and plotted versus time. 
Solid Jines ORB Ireated cells. Broken fines non ORB trealed 
control. Nole thai the time of Incubation only leads to a small 
decrease in the number of transcription sIgnals. Greater than 
1000 cells were counted for each time polnl. Panel b, The 
cUIVes In panel a were nOlmafized to their maximum values. 
The results show the early reappearance of foci having sIngle 
"{- or B-globln signals and a clear lag In reappearanca of double 
('f and!! in cIs) Signals. The experimental curve, 10010 trans Is 
derived by quantitation of the reappearanca of cells With '( or !! 
signals on both chromosomes. II approximates the single signal 
curves and shows random appearanca. 

two signals without a lag) whereas the genes within 
a locus on one chromosome do not behave 
independently (double signal reappearance is non 
random with a lag). 

Faster alternation of initiation leads to a faster 
appearance of double signals 

In the analysis described above the y­
genes are treated as one entity, however they are 
two independent genes, 0'( and' y which are 
expressed in embryonic red cells and early fetal 
liver erythroid celfs of transgenic mice (Slrouboulis 
1994). Restriclion digestion of sites in the y 
promoter regions in Isolated K562 nuclei Indicated 
thai both promoters were accessible to digestion in 
cis in approximately 50% of the loci (BresnIck et aI., 
1994). Co-accessibility of the promoters was 
inferred to be synonymous with simUltaneous 
nuclease hypersensitivity of the two gene 
promoters. Although these links have not formally 
been established, it was suggested that this was an 
indication of co-initiation of transcription of the 
genes. 

The two y-genes are highly homologous 
in sequence throughout the coding, non-coding and 
Inlronic regions, making the use of primary 
transcript probes extremely difficult. We therefore 

took advantage of the fact that gene transcriptIon 
proceeds well beyond the cleavage/polyadenylation 
site and terminates at a considerable di stance 
downstream of the y- genes in the 3' flanking region 
(Ashe et at, 1997) in which the two gene 
sequences diverge. Anllsense oligo probes which 
recognize the regions 100-500 bp downstream of 
the polyadenylation sites were designed which 
specifically detect the two genes separately (not 
shown). Actinomycin-D experiments (fig. 5a) 
indicate that the RNA in situ signal in this region of 
the transcription unit has a shorter lifetime (3-4 
minutes) than the intronic regions. This shorter 
lifetime is in principle an advantage as il allows 
more precise kinetic analysis, The primary 
transcript in situs for 0y and Ay on 11 day embryonic 
blood show that 15% and 3% are single or and A y 
sIgnals respectively, and 72% are double 0y and Ay 
signals in Cis (figure 5). Approximately 10% of the 
loci show no y signal which presumable indicates e 
only transcription (Wijgerde et al;., 1995), The 
shorter lifetime of the in situ signalS and higher 
percentage of double signals in cis sugges\s that 
these genes are possibly alternating faster than the 
y·genes and the Il gene (Wijgerde et ai., 1995; 
Dillon el aI., 1997), Thus the kinetic analysis of the 
reappearance of double Ay ando y signals in cis 
should show tittle or no lag especially when the 
mechanIcs of ORB inhibition of elongation are 
taken into account. ORB Inhibited complexes In 
vitro slall On the template and fall off after a few 
minutes thus allowing new polymerases to occupy 
the stall site (Marshall et al., 1992). Therefore if the 
Ay an<f y genes alternate more rapidly, stalled 
polymerases may be present on both genes 
simultaneously in a higher % of cells than when 
comparing y and P due to a delay in dissociation 
from the template. This would have the net effect 
of further reducing the lag in reappearance of 
double signals in cis. 

The kinetic analysis of transcription signal 
reappearance after ORB block and release shows 
thai the double signals for Ay and 0y lag behind the 
single signals (Figure 6). Although not as 
pronounced as In the case of y and p (Figure 4), the 
same result was obtained in three independent 
experiments and shows that the single signals peak 
earlier. On first sighl this result maybe interpreted 
to show that the genes are co-initiated. However 
such a mechanism would not only fail to explain 
the lag in appearance, bul also the fact that the 
single signals subsequently decrease as the double 
signals reach their maximum. The decrease shows 
that single signals are converted Into double 
signals as would be expected In an alternating 
mechanIsm of transcription initiation, but not a co­
initiation mechanism. This Is also seen in the yand 
p results, bul to a much lower extent. Again this 
would be expected because there is a much lower 
percentage of double Signals (15% in case of y(3 vs 
72% in case of Ay0y) resulting in a much lower 
conversion from single to double signals. These 
results are similar to those observed in comparable 
experiments on the endogenous mouse (3-like 
globin genes (f. Trimborn submitted) which appear 
to be controlled by a similar mechanism. 
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Figura 1. Schematic diagrams of Pane! e, the human B-gTobln locus construct used to make transgenic mice and the mouse 
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Figure 2. Panel a: In situ hybrldizatioo with Intran 1 speCific probes on heterozygous transgenic 11.5 day disrupted fela! nver 
cells treated for 15 minutes wlth 100 J.lM ORB. y-globln signals are shown In red (Texas fed), and B-globln signals are green 
(FlrC). Panel b: In situ hybridization 'With Inlron 2 specific probes on he!erozyQ()Uslransgen\¢ 11.5 day disrupted fela! fiver 
cells treated for 7 minutes wlth 100 J.lf.l ORB. y·globln signals ale red (Texas fed), and B-globln signals ale green (FITC). 
Pane! c: Decay of y·lntron 1 and Inlran 2 plotted as a function of tima alter the addition of ORB, y·[ntron I, broken fed Une; 
y-intran 2, sond red line, lHntron 1 broken green ~ne, B·inuon 2 solid green line. 

Figura 3 Reversible Inhibition of lransCription elongation on homozygous 11.5 day transgenic fetal flver cells. a·d, Primary transCript In 
situ hybridizations using y-globln lnuon 2 probes, signals are shown In red (Texas red) and B-globln Inlron 2 probes, green (FIlC). 
a, 1- and B-globln signals prior to DRBl!ealroonL b, 15 minutes trealmenl .... ith 100 J.lM ORB, C, 5 minutes after release of the 
uanscripUonal elongatlon block by washtng ()UI ORB, Note most ceHs show slngla y. or B-glohln transcription signals In cis, whITe 
INny have mOla than ona signal 10 trans. d, 20 minutes after release of elongation block, the distribution oflod having single y or B 
and d()Uble sIgnals (y or n In cis) are back 10 control levels, Representative cells are shown for each time poinL 
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Figure 5. Panel a: Primary transcript In sllu hybridization 
on 11.5 day embryonIc blood cells with "y-globln and "..,.globln 
3' flanking region specific probes (see fig. 1b) ... ..,.globln Is shown 
In green (FITC), "y.globln Is shown In red (Texas red). Panel b: 
Decay of the 11.5 day primary transcript signal of the yglobln 
genes using a 3' nanking probe (flg.1b) after the addition of aciD. 
The remaining ~ signal Is plolted In green, "y in red, as a 
function of time. 
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Figure 6. Kinetics of reappearance of single versus double 0..,. and -y.giobln signals. a, In situ signals (similar to 
experiments shown In figure 3) were scored after release of the transcriptional elongation block In 11.5 day embryonic: 
blood cells and plolted versus time. Greater than 1000 cells were counted for each time point. b, Curves were 
normalized to their maxlmum values for single (,y, or "t) and double ('y and "y In cis) signals. The curve "y and "y In 
trans. was derived as In figure 3 and follows a random curve. 

Figure 7. Reversible Inhibition of transcription elongation on 10.5 day blood ceUs. a-d, Primary transcript in situ 
hybridizations using 1;.gIOOln 3'intron 1, Intron 2 probes, signals are shown In red (Texas red) and u.globln Intron 2 probes 
in green (FITC). a, ~- and a-globin signals prior to ORB treatment. b, 15 minutes treatment with 100 pM ORB. c,5 
minutes after release of the transcriptional elongation block by washing out ORB. Note that many cells show double 1;­
and «-globin transCfipUon signals In cis. d, 20 mInutes after release of e!ongation b!ock, the dIstribution of loel having 
sIngle 1; or 0: and double signals (l; or a In cis) are back to control !evels. RepresentaUve cells are shown for each time poInt. 
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Figure 8. Kinetics of reappearance of Single versus double 
~. and «ijlobin signals. Panel a; In silu signals (similar 10 
experiments shown In figure 3) were scored after release of 
the transcriptional elongation block in 10.5 day embryonic 
blood cells and plotted versus time. Greater than 1000 cells 
were counted for each time poinl. Panel h, CUNes were 
normalized to their maximum values for single (~ or a) and 
double (~ and 0: in cis) signals. The random curve (loci in 
trans) was derived as in figure 3. 

The amount of Gyf'r double signals changes 
during development 

The percentage of or/double signals also 
provides a furt.her means of distinguishing the 
different models of long range transcriptional 
activation. The ratio of 0y TO Ay transcription 
changes very mUe during development (39% 0y of 
totat yon day 9.5 to 26% on day 11.5, Table 1) in 
the transgenic mice. Thus if co-initiation of 
transcription occurs, it would predict that the 
percentage of °y/"y double signals in the y 
expressing cells would change very HUle. In 
contrast If allernate transcription occurs, it would 
predict that the ratio should decrease In the y 
expressing cells from early embryo, when y 
transcription is accompanied by a low level of (; 
transcription, to the felal fiver when y transcription Is 
accompanied by a high level of 13 transcription 
(Strouboutis et aI., 1992). When the percentage of 
°y/Ay double signals is measured in the y­
expressing cells during development, it changes 
from 83% at day 9.5 (Table 1) to 56% at day 11.5 in 
embryonic blood (Fig. 5a, Table 1) to 29% at day 
11.5 in the fetal liver (Table 1). Thus when y- gene 
expression Is accompanied by the highly expressed 
Jl·gene In the locus, the percentage of 0yty double 
signals decreases as predicted by alternale single 
gene transcription. 
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The transcription Initiation of a-like globin 
genes 

The analysis above does not exclude that the 
treatment with ORB would somehow artifactually 
cause a delay In the reappearance -of double 
signals in cis for some unknown reason, even 
though this Is clearly not the case for the 
reappearance of double signals In trans (fig. 4b an 
6b). We therefore examIned the primary 
transcription of the a genes. There fs indirect 
evidence that the a-globin genes may be regulated 
differently than the 13-fike genes. Instead of the five 
hypersensitive regIons present in the !3-g[obin lCR, 
only a single hypersensitive site has been Identified 
40kb or 26kb upstream of the human and mouse 
genes respectively (fig.7, Gourdon et af., 1995). 
When this site is present as part of the human (;(­
locus in transgenIc mice, the expression of the Ct­
genes is suppressed as development procedes 
(Gourdon et af., 1993; Sharpe et aI., 1993). In 
contrast when the a·globin genes are placed under 
the control of the p-globln LCR no such 
suppression is observed (Hanscombe et al., 1989; 
Ryan et ai, 1989). ThIs indicates that the Ct-Iocus 
may normally be present In a constitutively active 
region of the chromatin (Craddock et aI., 1995) or 
that there are as yet undefined additional regulatory 
sequences (Gourdon et al., 1994, 1995), opening 
up the possibility that the genes may not be 
regulated by alternating initiation of transcription. 
Primary transcript In situ analysis shows a high 
percentage of double (,Ia signals in cis (80%) 
versus single I; or a signals (fig.7a), while the 
lifetime of the signal is similar to that observed for 
the 13-sigoals (fig. 1d) in the presence of 
actinomycin-D. ThIs could mean that the genes are 
frequently co·initiated or that alternating initiation 
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9.5 10.5 U.5 11.5 12.5 13-.5 

% In situ primary yRNA signals %tolalyRNA 

Gy G'(IAy A, Gy Ay 

day 9.5 blood , 83 12 3. ., 
day 10.5 blood 8 78 14 31 .9 
day 11.5 blood 7 58 37 27 73 
day Its liver 23 29 48 2' 74 

Table 1. The table shows the % of ce!Js expressing y with a 
"y Of '"y sIngle or a VY double primary transcript signal by In 
situ hybridiz.ation (bottom left) on differenl days of development. 
The bottom right shows the % of °yand '"yoftota! steady state 
RNA in the pool of cells as determined by primer extension 
(data not shown). The top panel illustrates the change In the 
levels of E, yand B RNA as a % of tala! human globin RNA in 
the transgenic mice (Strouboulls, 1994). Please n-ole that Ihe 
lolal RNA levels (accumulated mRNA) lag behind Ihe in situ 
tranScription levels (primary transcription). 



takes place rapidly. If the lalter lakes place well 
within the lifetime of the signal a large proportion of 
double signals in cis would result. We then 
measured the reappearance of single and double 
signals after the addition and removal of ORB (fig. 
4b, c and d). Plotting the reappearance of the 
signals as a function of lime (fig. 8) shows that the 
double signals appear al the same rate as the 
single signals and that there is no measurable 
conversion of single signals into double signals. On 
the basis of these data it Is tempting to suggest that 
the a-like genes are co-initiated, but rapidly 
alternating initiation of transcription would give a 
similar result and hence can not be excluded. It is 
difficult to fully explain the data obtained with the a­
locus in mechanistic terms, because not all the 
regulatory regions in this locus have been identified 
(Gourdon et ar., 1995) leaving the possibility that 
the different genes could be activated 
simultaneously by different regulators. 
Importan!ly the result shows that the treatment with 
ORB does not artifactually result in a lag in the 
appearance of double signals in cis. 

DISCUSSION 
The results obtained previously with 

primary transcript analysis suggested that the the 
human p-globin genes are regulated via a dynamic 
process of alternating initiation of transcription of 
the different genes. That proposal appeared to 
contradict existing data. Firstly it had been known 
for many years that y- and p-mRNA and proteins 
are found in the same cell during the switchover 
from y to p, even in heterozygotes and this 
appeared to be confirmed by single cell PCR data 
(Furukawa et at, 1994). Secondly restriction 
enzyme analysis of the globin locus in nuclei 
showed that both y-globin promoter regions could 
be cleaved releasing the Intervening 5kb fragment. 
These data were interpreted to mean that the r­
and p·globin genes within a single locus were or 
could be transcribed simultaneously (Martin et aI., 
1996; Bresnick et aI., 1994; Furukawa et at, 1994). 
On the basis of the presence of (a minority of) loci 
with double primary transcription signals in cis the 
in situ primary transcription data have been 
interpreted to suggest that co-initiation takes place 
(Martin et aI., 1996). 

It is therefore important to distinguish 
whether alternating single or multiple co-initiation 
takes place, because they have direct implications 
for our understanding of the process of 
transcriptional initiation in vivo involving distant 
regulatory sequences. Three models have been 
proposed to explain transcriptional regulation by 
distant regulatory sequences. Firstly an 
accessibility model where after the activalfon of the 
chromatin, the genes bind transcription factors and 
are activated in a stochaslic fashion (Groudine and 
Weintraub, 1982; Martin et aI., 1996). Secondly a 
scanning model where the regulatory sequences 
act as a nucleation site for (part of) the transcription 
machinery, which subsequently scans the DNA for 
transcriptionally competent genes (Herendeen et 
ar., 1992; Tuan et ar., 1992). Thirdly a looping 
model which postulates that the distant regulatory 
sequences interact directly with the gene to initiate 

transcription (see Ptashne, 1988 and Wijgerde et 
aI., 1995 and ref therein). Unfortunately it is at 
present not possible to directly visualize the 
transcriptional process in vivo and distinguish 
between these mechanisms. Hence it has only 
been possible to design experiments which are 
capable of verifying predictions made from each of 
the models. In case of the p-globin gene locus a 
number of in vivo observations have to be 
accounted for in each of the proposed 
mechanisms. 

For the purpose of this discussion the most 
important points about the regulation of the ~globin 
locus are that a single regulatory region (lCR) Is 
required by all the genes in the locus (reviewed in 
Grosveld et aI., 1993), that the genes compete with 
each other (Giglioni et aI., 1984; Enver et aI., 1990; 
Behringer et aI., 1990; Hanscombe et aI., 1991; 
Dillon et at, 1997) and that a gene closer to the 
LCR has a competitive advantage over a more 
distal gene (Hanscombe et aI., 1991; Peterson and 
Stamatoyannopou!os, 1993; Dillon et at, 1997). 

The accessibility model does not allow for 
competition and hence an additional mechanism, 
interference with a downstream gene, was 
postulated to give proximal genes a competitive 
advantage over distal genes (Martin et af., 1996). 
The model predicts that two or more genes would 
initiate transcription at the same time in a 
substantial proportion of the cells. The double 
signals in our primary transcript analysis were 
therefore taken as evidence that co·initiating loci 
were present in a substantial number of cells. 
However the data presented here show that the 
double signals are not generated as predIcted by a 
co·initiation mechanism, but represent a transition 
between alternating transcriptional periods of single 
genes. This argues strongly against the 
accessibility model. Moreover this essentially 
stochastic model does not explain why the number 
of double signals is higher when two y-genes in cis 
(fig. 5 and 6) are compared to a y and p signal in 
cis (fig. 3 and 4), while their expression Is lower 
than the jJ.gene (fable 1). In addition it fails to 
explain why the percentage of Gyf'y double signals 
decreases during devetopment when the other 
genes in the locus change from [ow expression (E) 
to high expression (P) (fable 1).11 also predicts that 
there should be a substantial proportion of loci 
without a primary transcript signal. Such a 
proportion should be approximately 15% on a 
stochastic basis when 85% and 15% of the loci 
show single or double signals respectively. 
However 3% Is found (data not shown and 
Wijgerde et at, 1995). This model also predicts the 
opposite resu1l to what is observed when the 
distance bet\'1een the genes is changed (DiHon et 
at, 1997). Thus it very difficult to see how this 
model could explain the regulation of this locus in 
vivo. If this were the mechanism a substantial 
number of complex additional assumptions would 
have to be made. 

The scanning model does allow for a competitive 
advantage of proximal over distal genes, because a 
scanning process initiated at the LCR would 
encounter a proximal gene first. However it would 
also predict that co·initiation of transcription would 
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frequently take place, whIch the dala presented 
here show is not the case. It also does not explain 
Why the percentage of Gyty double spots decreases 
during development In the y expressIng cells. The 
model predicts that even when the expression of y 
decreases the percentage of 0yty double spots 
should stay the same when the ratio of Gyty 
expression remains almost the same (see above, 
Table 1). The scanning model also fails to explain 
why the expression of the y genes is increased 
when the expression of the p gene is decreased 
due to Ihe absence of a EKLF, a p-gene specific 
transcription factor (Wijgerde et aI., 1996). It would 
predict that the level of y gene expression would 
slay the same. Lastly it is known thai a j}-g[obin 
gene situated close to the LCR has the same 
output as a p-globin gene at a much larger distance 
(Dillon et aI., 1987 and references therein). A 
scanning model would therefore predict that gene 
order but not distance would be an important 
parameter. However the results obtained by varying 
distances show that distance Is important 
(Hanscombe et aI., 1991; Dillon et aI., 1997; 
Peterson and Stamaloyannopoulos, 1993). When 
all these observations are taken together they 
argue very strongly against a scanning mechanism 
operating in vivo, unless extra complex parameters 
are introduced. Nevelheless it is important to note 
that this does not mean that a scanning process 
could not be involved in the first activation of the 
locus. In the experiments to date only the process 
of multiple rounds of transcription (reinitiation) after 
initial activation of the locus has been examined. 

In contrast to the two models discussed 
above, a dynamic Interaction between the LCR and 
the genes via looping does explain all of the basic 
properties. The results presented here show that 
RNAs from multiple globin genes do not co-initiate 
in cis, which therefore establishes a cenlral aspect 
of the regulation of the globin locus. Co-expression 
of more than one g[obln gene in cis would be 
achieved by alternating transcripllonal periods of 
single genes. It explains competition, because it 
predicts that the time taken up by LCR driven 
transcription of one gene takes time away from 
another gene. In this model the frequency of 
LCR/gene interactions would be dependent on 
distance with an advantage of proximal genes over 
distal genes (see Dillon et aI., 1997). The dynamic 
interaction model by looping also makes clear why 
the percentage of 0yty double spots decreases 
during development (Table 1). Late in development, 
the LCR Is contacting the competing J3 gene most 
of the lime in the y expressing cells, whereas the 
opposite is true for the t gene early in development 
(StroubouHs et aI., 1992). Thus the chance that the 
LCR interacts with one y gene shortly after 
interacting with the other y gene has decreased and 
hence the chance that one y signal has decayed 
before the synthesis of the other y is much higher 
lale in development. The double spots which are 
the result of the overlap between decaying and 
newly synthesized y·signals would therefore 
decrease. For very similar reasons it predicts that 
the number of y double Signals (Fig. 5 and 6) Is 
higher than the number of yIP double signals (Fig 3 
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and 4). It suggests the LCR can rapidly move 
between y genes early In development (hardly 
disturbed by the competing t gene) resulting in a lot 
of signal overlap. Late In development the LCR 
Interacts with p for much longer limes allowing y­
primary transcripts to decay and thus decrease the 
amount of overlap signals. Finally the dynamic 
interaction model also makes clear why a decrease 
in the amount of EKLF results in an increase In y 
expressIon (Wijgerde et al., 1996). The LCRIP gene 
complex would be destabilized by the decrease or 
absence of this p-gene specific faclor and hence 
the frequency of competing y gene Interaction 
would increase, resulling in an Increase in y-gene 
initiation of transcription. 

Looping and direct contact between regulatory 
regIons Is therefore the most simple mechanistic 
explanation for the observed results and is 
supported by previous experiments with other 
systems (Mueller-Storm et aI., 1989; Bickel and 
Pirotta, 1990; Dunaway and Droge, 1989). It 
implies that direct chromatin interactions between 
the LCR and a single gene are required for initiation 
of transcription. Continued loading of polymerases 
or reinitiation of that gene would require continuous 
lCR contact (Wijgerde et aI., 1995; Milot et aI., 
1996; DHlon et aI., 1997). In the context of this 
mechanism the data suggests that chromatin in 
vivo is highly dynamic or diffusible, allOwing the 
LCR/gene complex to change rapld[y to bring about 
co-expression of multiple genes. 

Methods 
Reversible Inhibition of transcription elongation 
with ORB. 
Homozygous transgenic mice contaIning a single 
Integrated copy of the complete human p-globin 
locus were bred to obtain embryos. Peripheral 
blood and fetal livers were dissected out in PBS. 
10.5 or 11.5 day embryonic blood and 11.5 or 12.5 
day fetal livers were disrupted into PBS by repeated 
pipelting as previously described (Wijgerde et aI., 
1995). ORB (Sigma) was added to the cell 
suspensions to a final concentration of 100 pM or 
(Actinomycin-D at 5 Ilg/ml) and incubated at 3rC. 
for 15 minutes. Five volumes of Ice cold PBS were 
added and the cells were immediately pelleled by 
centrifugation for 2 minutes at 1500 rpm in an 
eppendorf centrifuge. Cells were washed two more 
limes with 1.5 ml ice cold PBS and resuspended In 
250 ml of PBS at 25°C. Aliquots were taken at the 
deSignated Intervals and fixed onto poly·L-lysine 
coated slides (Sigma) for in situ hybridization. 

In situ hybridization analysis 
The following probes were used for the in situ 
hybridization analysis: 
Human !l intrQn 1 probes: 
5'·CTGTCTCCACATGCCCAGTTTCTATGGTCTCCTTM 
ACCTG TCTTGTAA-3'; 5'GGGTGGGAAMTAGACCAAA 
GGCAGAGAGA GTCAGTGCCTATCAGAAAC·3'; 5'-AGG 
GCAGTMCGGCAGACT CTCCTCAGGAGTCAGGT·3'; 
5'-ATAACAGCATCAGGAGGGACA GATCCCCAAAGGA 
CTCA-3' 
Human!l intron 2 probes: 
5'·TTCCACACTGATGCAATCATTCGTCGTTTCCCATTC 
TAAACTGTACCCT-3'; 5'·CTGATTTGGTCAATATGTGT 
ACACAATTAAMCATTACACTTTAACCCA-3'; 5'-GGTAG 



CTGGATTGTAGCTGCTATAGCAATATGAAACCTCTTAC 
ATCAGT-3' 
Humany intron1 probes: 
S'-AGGCACAGGGTCCTTCCTTCCCTCCCTTGTCCTGG 
TCAC-3'; S'-TGACAAGAACAGTTTGACAGTCAGAAGGT 
GCCACAAATAATGAGMGCGA·3'; S'·AGGCTTGTGATA 
GTAGCCTTGTCCTCCTCCTCTGTGAAATGACCCA·3'; S'­
AGAGCCTACCTTCCCAGGGTTTCTCCTCCAGCATCTTC 
CACATT-3' 
Human y fntron2 probes; 
S'·GCAGTTTCTTCACTCCCMCCCCAGATCTTCAAACA 
GCTCACACCCGC·3'; S'-CCTTCTGCCTGCATCTTTTTAA 
CG ACCMCTTGTCCTGCCTCCAGAAG-3'; S'-ACAGAGC 
TGACTTTCAAAATCTACCCAGCCCAAATGTTTCMTTG 
TCC-3' 
Human Gy 3' flanking probes: 
S'·ACGTAAACAAAAAAGTGTGGAGTGGCACATGACAC 
AAACACACATAG-3'; 5'-GCAGACGCTCCCATGTATMGT 
TCTTTATTTGCCTAGTTCTTTIATTT·3'; 5'·GTTGAGCCC 
CTTCCTCGCTGCTGGCTGCAATCCAGGGMGGGGGTT 
C-3' 
Human "y 3' flanking probes: 
5'-TCATATAAAAATAAATGAGGAGCATGCACACACCAC 
AAACACAAACAGGC-3'; 5'-AGMCTCCCGTGT ACAAGT 
GTCTTTACTGCTTTIA·3'; 5'-TTCATTMGAACCATCCTT 
GCTACTCAGCTGCAATCAATCCAGCCCCCA-3'; 5'·ATTT 
CACTTTCTTAGGCATCCACAAGGGCTGTGAAAAGCTAA 
GTGCCAT·3' 
Mouse a probes: 
5'-CACAGAAAAGCATAGTTAGAAGCGCCCACTGAGCG 
AGTGCCAGGTCC-3'; 5'-AGCCCTTCCTAGGGGCCCAG 
ATGCCGCCTGCCAGGTCCC-3'; 5'-GCTCCCCTTCCTGG 
GACCACTATGTCCCTGCCTTGGGCACGAGGACCC-3' 
Mouse I; probes: 
5'·CCTTCTCAGTGGCTTCTCCTCACAACTGCTCTTTGT 
CACTTCTGTCTC·3'; 5'-ATGGAAGACTCTGGTGAGCTCT 
GGAATGCCAGCCCACCTCCTTTAGTA-3'; 5'·ACAACCC 
CAAGAGTGATGTTACTATTGCTGTTGCACAAGGGTCTA 
CA-3'; 5'-AAGGGGATTTGATGCCTCCAGCCCCAATGGC 
ACCCATGCCTGCGCTCG·3' 

Cells were fixed onto a poly-L-Iysine coated slide in 
4% formaldehyde/5% acetic acld for 18 min, at 
room temp, The cells were subsequently washed 3 
times 5 min in PBS and stored in 70% ethanol at -
20QC, The slides were pretreated for hybridization 
by a 0.01% pepsin digestIon (5 min" 37~C) In 
0.01M HCI, followed by a short wash in water and a 
5 min. fixation in 3,7% formaldehyde at roomtemp. 
The slides were washed in PBS, dehydrated in 
70%, 90% and 100% ethanol steps and air dried. 
The hybridization mixture was applied (12 lJI per 
24x24mm coverslip) and incubated at 37°C in a 
moIsturized chamber for 12hr. The hybrfdizalion 
mIxture contained 1 ng/lJl of each of three or four 
oligonucleotides (50nt) containing either a 
digoxygenin or a biotin side chain in the mIddle and 
on the 5' and the 3'end of the oligonucleotide 
(Eurogentec, Belgium) in 25% formamlde, 2x SSC, 
salmon sperm DNA (200ng/pliter), 5x Denhardts, 
1mM EDTA and 50mM sodium phosphate pH 7,0. 
The coverslip was removed by dipping in 2x SSC 
and the cells were washed three times in 2x SSC 
3rc, followed by a 5 min wash in 0,1M Tris, 0,15M 
NaCI, 0,05% Tween 20, Antibody detection of the 
labels was essentially as described by Dirks et al. 
(1993), with three or four amplification steps. 
Mounting was in DAPlfDABCO:Vectashleld (1:1) in 
glycerol (90%) and stored at 4°C In the dark. 
Fluorescence was detected by epifluo­
renscence/CCD. 
In all cases more than 500 cells were counted per 

dala point. The count was confirmed blindly by an 
independent person using a dictaphone. 
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Chapter 6 

General discussion 





6. General discussion 

Globin gene switching is defined as the sequential activation of the different genes 
according to a precisely ordered program during development. Without the LCR there is no 
activation of the locus and no transcription of the p-globin genes, emphasising its importance 
in the regulation of these genes (Grosveld et aI., 1987 and 1993). In transgenic studies, the 
LCR provides position independent copy-number dependent expression at levels equivalent to 
the endogenous globin genes. Only a complete LCR opens the locus into a fully active 
chromatin configuration in all erythroid precursor cells (Milot et aI., 1996). The LCR has been 
postulated to achieve these functions through a dominant positive effect that overcomes 
negative position effects rather than through an insulating effect. Because the LCR is 
important for the activation of all of the p-globin genes, its localisation results in an intrinsic 
structural polarity, which has a profound effect on the developmental expression of the genes. 
Many of the trails and cis components involved in the regulation of the human p-globin genes 
have been identified. However, the molecular details of how the LCR influences gene activity 
over distance are still a topic of debate. 

The prevailing competition model suggests that the LCR activates the different genes 
through looping out of intervening DNA sequences establishing direct LCR-gene interactions 
(Dillon et aI., 1997; this thesis). Leoping models that bring distally located sequences into 
direct contact with promoters have been widely favoured and there are strong indications that 
enhancers work through such interactions (Ptashne et aI., 1988; Muller et aI., 1989; Bickel 
and Pirotta, 1990; Muller and Schaffner, 1990). The accessibility model (Groudine and 
Weintraub, 1982; Martin et aI., 1996) and the tracking model (Tuan et aI., 1992; Herendeen et 
aI., 1992) have been proposed as alternative mechanisms of LCR activation and 
developmental regulation of the p-globin genes. In contrast to these models, the looping 
model can most easily explain all the basic properties of gene activation in the human p­
globin locus without additional assumptions. 

The data described in each chapter has been considered at length in the discussion sections 
at the end of each relevant chapter. Because no additional data has been obtained since, the 
discussion in those chapters represents our current view and working model. I will therefore 
only recapitulate the results obtained in this thesis and discuss how the results apply to the 
known transcriptional activation mechanisms. Thereafter I will discuss some aspects of the 
RNA fluorescent in situ hybridisation (FISH) technique on which a large part of the research 
presented in the thesis is based. Since it is a technique in development, I will illuminate some 
aspects concerning its liability and some of its current and future applications. In addition the 
results obtained in Chapters 3 and 4 concerning the role of EKLF in adult p-globin gene 
expression need to be clarified to some extent, since they appear contradictory to some extent. 

The LCR llOlocomplex or looping model 
The ordered arrangement of the p-globin genes and the involvement of the LCR in 

activating all of the genes accommodate the locus with an intrinsic structural polarity, which 
became evident by the propensity of the LCR to favour the transcriptional activation of a 
more proximally located gene (Enver et aI., 1990; Hanscombe et aI., 1991; Dillon et aI., 
1997). Varying the relative distance of two competing genes from the LCR results in changes 
in the level of gene expression and equivalent changes in the number of transcriptional active 
genes in a way that was predicted for the kinetics of interactions through free diffusion of two 
tethered elements (Dillon et aI., 1997). These observations support a stochastic activation 
mechanism of direct LCR gene interactions. In addition, the nearly balanced competition that 
was observed implies that the LCR is shared among the active genes suggesting that it 
functions as a single transcriptional activation entity (Dillon et aI., 1997). This is in agreement 
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with previous observations which suggested that individual HS elements function in an 
additive manner to provide full LCR activity (Fraser et aI., 1990 and 1993) and that the LCR 
HS2 and HS3 contain separable enhancer and chromatin opening activities respectively (Ellis 
et aI., 1996). It was therefore postulated that the different LCR elements interact to form a 
single larger complex or 'holocomplex', which interacts directly with the individual globin 
genes. How the different LCR elements are structurally organised in such a holocomplex is 
not known. 

The best way to validate this LCR-'holocomplex' or looping model is through direct 
visualisation of contacts between two regulatory sequences located at considerable distances 
from each other, e.g. between the LCR and the proximal elements of the globin genes. 
However this has yet to be achieved ill v;vo. Only indirect approaches have been used to make 
inferences of the transcriptional activation mechanism operating in the ~-globin locus. A 
pivotal question in understanding the transcriptional mechanistics in the ~-Iocus is whether 
only a single or multiple genes can be transcribed simultaneously. Co-detection of multiple 
human [I-globin mRNA species within single MEUhuman fetal erythroid cell hybrids 
containing a single human ~-globin locus and embryonic primitive erythroid cells have been 
interpreted to indicate a co-transcription mechanism (Furakawa et aI., 1994 and 1995). Co­
localisation of multiple globin proteins has also been visualised in single erythroid cells using 
fluorescence immunohistochemical detection methods (Fraser et aI., 1993; Strouboulis, 1994 
thesis). However, both globin mRNAs and proteins are extremely stable in erythroid cells 
which makes these observations merely imply that a single erythroid cell is not predetennined 
to express either one gene singularly during its life span but that gene switching can take 
place within a single erythroid cell (Fraser et aI., 1993). Dual promoter activation through 
sharing of LCR activity has been proposed based on the finding that restriction endonuclease 
ApaI digestion leads to a high yield of a fragment spanning both 'Y-gene promoters in the 
human erythroleukemia cell line K562 but not in Hela cells (Bresnick and Felsenfeld, 1994). 
Similar chromatin characteristics were shown for the human y-genes in primitive erythroid 
cells of single humau [I-globin Y AC transgenic mice (Furakawa et al., 1995). However we 
have shown that DNaseI hypersensitivity at the ~-promoter region and endonuclease 
sensitivity to ApaLI of the adult ~-globin gene are not always coupled to active gene 
transcription (Milot et aI., 1996). This implies that a high level of sensitivity merely reflects 
the potential of a gene to become active rather than gene activity itself. In order to distinguish 
between single versus multiple gene transcription in the human ~-locus. one has to look at the 
single cell level at a relatively short-lived event such as the transcription process of a gene. 

We have analysed the dynamics of globin gene switching via an indirect approach using 
RNA FISH to visualise primary transcripts on a single cell basis in erythroid cells of single 
copy human [I-globin locus transgenic mice (Strouboulis et aI., 1992; Wijgerde et aI., 1995; 
Chapter 2). Probe sequences were directed against intron regions of the different globin genes. 
which are known to have a half life of 3-4 minutes ill vivo (Chapter 2). Transcriptional 
inhibition using actinomycin-D revealed that all intron signals disappear to below detectable 
levels after 7.5 minutes, suggesting that fluorescent foci only appear at the site of an active or 
very recently transcribed gene (Chapter 5). 

The results in embryonic and fetal erythroid cells of homozygous transgenic mice show 
that most of the transcription signals are in fact single gene transcription signals and only a 
minority of cells has double gene signals. The great variety of transcriptional cell types 
detected suggested a dynamic. continuously changing system of gene activation. The presence 
of cells with accumulated levels of cytoplasmic [I-mRNA having only primary transcript 
signals of the developmentally earlier y-genes, indicated a dynamic gene switching 
mechanism in which the genes are alternately transcribed. In the looping model this would 
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suggest that the LCR alternate in the interaction between these competing genes in a flip-flop 
type mechanism. The minority of globin loci displaying double gene signals in cis were 
interpreted to represent a transitory switching event in which the old decaying signal as well 
as the new actively transcribed gene are simultaneously detected. However, the double gene 
signals were interpreted by others as evidence for co~transcription accommodating the 
accessibility model of initiation (Martin et a!., 1996). We therefore perfonned additional 
analysis of globin gene transcription to resolve the kinetics of the double gene signals by 
using RNA FISH analysis of globin primary transcripts in conjunction with transcriptional 
inhibition and release experiments. DRB was used to reversibly inhibit the elongation of RNA 
polymerase II in fetal liver cells of single copy human p-globin locus transgenic mice, 
initiation was shown to be unaffected (Chapter 5). The data shows that upon release of 
inhibition of the human "(- and ~-genes the number of single gene signals accumulate faster 
and peak earlier when compared to the double gene signals. This implies that the double y/P­
gene signals represent a transition state between alternate single gene initiation (Chapter 5). 
Similar analysis has been performed for the human "(- and the murine a-genes. However, the 
results were less decisive and further scrutiny will be necessary to allow discrimination 
between alternate and co-initiation for these genes. 

Interestingly, these experiments have shown that during periods of gene switching the 
number of transcriptionally active genes corresponds with the level of gene expression 
(mRNA detection). This suggests that gene transcription in the p-globin locus is an all or 
nothing event in which a gene is either fully active or silent. For the looping model this 
implies that the level of gene expression within a single cell is determined by the frequency 
and duration of LCR-gene interactions, rather than through modulation of the density of 
polymerases or changes in the rate of transcription. In addition, a continuous LCR-gene 
interaction is required for continual gene transcription and altering the relative distances of 
two competing genes from the LCR leads to changes in the levels of gene expression through 
alteration of the frequency of LCR-gene interactions (Dillon et a!., 1997; this thesis). 

We subsequently studied the role of erythroid KrUppel-like factor (EKLF) in gene 
competition between the human "(- and ~-gene for LCR activation in compound knockout and 
human p-globin locus transgenic mice. These studies served to further illuminate the 
mechanism of developmental regulation. The zinc finger gene EKLF is a critical transcription 
factor essential in the activation of the murine adult ~-globin genes through binding to the 
CACC element in both promoters (Nuez et aI., 1995; Perkins et a!., 1995). In the human p­
globin locus a canonical EKLF binding site is found in the adult p-globin gene promoter 
(peng et a!., 1994) and additional binding sites are found in the hypersensitive sites of the 
LCR, particularly in the core region of HS site 3 (Philipsen et a!., 1990; GT-rich sequences 
see Figure 4). Homozygous EKLF null fetuses are severely anaemic and die around day 15 
due to a lack of adult p-globin gene expression whereas a-globin gene expression is 
unaffected. Expression analysis in EKLF+I- fetuses during stages of y- to p-gene switching 
showed a decrease in the level of ~-globin gene expression and reciprocal increase in the level 
of ,,(-gene expression which are fully accounted for by changes in the number of 
transcriptionally active genes (RNA FISH results in Chapter 3). Furthermore, increasing the 
levels of EKLF leads to an increase in the level of ~-globin gene expression concomitant with 
reciprocal down regulation of 'Y-gene expression (Chapter 4). When competition is abrogated 
around day 16 of gestation due to the silencing of the y-genes, expression of the p-gene 
returns to almost normal levels implying that the level of EKLF is Illost critical when the p­
gene is in competition for the interaction with the LCR. In EKLF-I- fetuses the level of y-gene 
expression is further increased while no transcriptionally active p-genes were detected. In 
addition, reciprocal changes in the sensitivity of the chromatin structure of the y- and p-gene 
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promoters to DNaseI are observed. Similar results were obtained in expression studies in 
which EKLF null mice were bred with mice harbouring a human p-gJobin yeast grtificial 
£hromosome (Yac) transgene. In those studies only EKLF-/- mice were examined which 
showed a dramatic reduction in the expression of the p-globin gene while y-globin transcripts 
were elevated about 5 fold (Perkins et aI., 1996). This data is compatible with the competitive 
model of gene switching and implies that EKLF through binding to the CACC box mediates 
an adult stage specific interaction between the p-gene promoter and the LCR excluding the 
interaction with the y-gene. Decreasing levels of EKLF affect the stability of LCR-p-gene 
interactions allowing the LCR to interact more frequently with the y-genes. These 
observations are in full support of the looping model. The fact that down regulation of the 
most 3' adult p-globin gene results in reciprocal increase of the upstream y-genes are more 
difficult to reconcile with the accessibility as well as the tracking model. However, these 
experiments do not completely exclude the possibility that either one of the alternative 
mechanisms can operate in the locus. This will eventually require more direct proof such as 
the visualisation of the dynamic interactions of the LCR with the individual globin genes in 
single erythroid cells during periods of gene switching. The EKLF data confirms once more 
that gene expression in the human P-Iocus is an all or none event suggesting that the number 
and length of the transcriptional active periods of the individual genes determine the level of 
gene expression within a single red cell. In the looping model the number and length of 
transcriptional active periods are translated into frequency and stability of LCR-gene 
interactions, respectively. These studies indicate, as was predicted before, that transcription 
factors are important regulators of the stability of LCR-gene interactions (Grosveld et al., 
1993). In a parallel study we have shown that the relative distance of the genes from the LCR 
determines the frequency of interactions (Dillon et aI., 1997). 

Primary RNA trail script detectioll 
FISH techniques have been established over the past decade for a variety of molecular 

genetic and cell biological applications (reviewed in Joos et aI., 1994; Swiger and Tucker, 
1996; Heng et aI., 1997). In the work presented here, we have developed and applied an 
indirect RNA fluorescent ill situ hybridisation procedure with the objective to detect primary 
transcripts at the site of synthesis in interphase nuclei of erythroid cells. With the use of this 
technique we obtained some valuable insights into the dynamics of gene transcription in 
single human p-globin loci. Gene specific primary transcripts were detected by applying four 
50bp intron specific sequences containing biotin, digoxigenin or dinitrophenol (DNP) side 
chains in the middle and on the 5' and 3' sides. Neighbouring haptens were spaced with a 
minimum of 25bp to allow an optimal detection using a triple layered immunodetection 
system with fluorescently labelled antibodies or the biotinl(strept)avidine detection system. 
The major advantage of using indirectly labelled probes is the ability to amplify the signal of 
interest. Another major advantage of RNA FISH is the combinatorial use of different haptens 
and a variety of fluorochromes which allows for the visualisation of different nucleic acid 
sequences simultaneously as well as the codetection of proteins. 

The results we have obtained are highly reproducible with little variation between slides of 
the same specimen and only a slightly higher variance between slides of different specimens, 
though on average this never exceeds 5%. The probe penetration and detection liability are 
almost complete as over 95% of double a-gene signals can be detected (Chapters 2 and 5). 
The nse of RNA FISH in combination with DRB indnced transcriptional inhibition and 
release also gave highly reproducible results even though the technical approach of this type 
of experiment is far more demanding. 

The use of a multi-layered immunodetection system amplifies our primary hybridisation 
signal to reach the sensitivity needed to visualise their accumulated localisation at the site of 
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the gene. However, there are limits to the numbers of layers that can be added before non­
specific annealing (background) starts to overwhelm the signal of interest. This background 
appears at a variable density and intensity as grainy speckles throughout the nucleus and is 
predominantly the result of aspecific sticklng of probe sequences rather than the 
immunoreagents. Although the background hardly ever exceeds unacceptable levels in 
conventional RNA FISH experiments with the current number of amplifications, they do 
sometimes tend to become a problem in more difficult experiments. For example when 
combined with procedures such as cell sorting, cell culturing and enzymatic or otherwise 
more radical treatments. Most probably, these additional challenging steps may lead to the 
loss of target RNA sequences at its original site ill vivo or to a general malaise of the target 
cells which may cause the loss of gene transcription. Thus additional layers of detection or a 
more sensitive detection system may guarantee a higher consistency in the results of more 
demanding procedures. 

Substantial improvement in the signal to background ratio can be achieved through higher 
stringency of hybridisation and washing procedures. However this doesn't always lead to the 
expected results mostly because the intensity of specific signals also diminish as a result of 
the higher stringency. Increasing the number of reporter molecules at the site of hybridisation 
would be an alternative way to improve the signal to background ratio. This can be achieved 
through simply increasing the total length of probe sequences used in the hybridisation 
reaction. In the case of the human ~-genes the entire intervening sequence can be used 
thereby increasing the total probe length almost five fold. The second intion of the adult 
human p-globiu gene (850bp) has been labelled as a double stranded probe using nick 
translation to incorporate biotin or digoxigenin labelled dUTP, and after the application to 
fixed erythroid cells in RNA FISH experiments produced similar results (Gribnau and Milot, 
pers. comm.). The primary transcript signals had similar intensity to the signals produced 
using the four oligonucleotide sequences as probes, implying that in the case of the p·globin 
gene we have reached maximum intensities in their detection. This suggests that addition of 
more probe sequences may only be useful when the specific signals are at the border or just 
below the level of detection. However, when the amount of possible probe sequences that can 
be used in the hybridisation reaction is limited and insufficient, an alternative way is to use a 
more sensitive secondary detection system. Most promising in this respect is the use of a 
tyramide/peroxidase based uItrasensitive-detection technology, which mediates the deposition 
via covalent linkage of biotin or fluorochrome labelled tyramids at the site of hybrldisation in 
a time dependent manner (Raap et aI., 1995). Using this detection method we have been able 
to visualise the transcription of the targeted allele of the erythroid specific transcriptional 
activator EKLF in primitive and definitive erythroid ceJls using a nick transcription labelled 
2.9kb LacZ probe (Nuez et aI., 1995; Tewari, pers. comm). 

The fluorescent ill situ hybridisation detection of RNA seems to work best on highly 
transcribed genes such as the human and murine ct- and p·like globin genes (this thesis), the 
murine H 19 and /gf2 genes (results not shown), viral transcripts and the human p-actin gene 
(Zhang et aI., 1994; Lawrence et aI., 1989; Custodio et aI., submitted). For a meaningful 
interpretation of the results it would be helpful to determine the sensitivity in absolute number 
of target RNAs that can be detected, which has not been achieved yet. The ill situ 
hybridisation procedure is a multistep procedure and each step can add to the variability of the 
final measurement. In addition, our lack of knowledge about the stoichiometry of the 
hybridisation, the loss of target RNAs during the procedure and the efficiency of the 
secondary immunodetection system makes it even more difficult to make a proper assessment 
of the absolute target numbers. Still some idea of the sensitivity can be given. The average 
number of precursor molecules has been calculated to correspond to 110 ~-globin molecules 
per adult erythroid cell nucleus (Kantor et aI., 1980). Assuming that all globin genes have 
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similar transcription rates, an estimate of maximal 55 precursor RNA molecules are localised 
per allele. When only a single oligonucleotide instead of the usual four are used to detect the 
murine fJlIlaj gene, signals are still visible as small pin-pricks in about 50% of the usual 
numbers of nuclear transcription signals, implying a minimal detection level of about 14 
primary transcripts (results not shown). Alternatively, an erythroid cell accumulates about 
20.000 to 25.000 globin mRNA molecules over a 60-72 hrs period during tenninal 
differentiation (Clissold et aI., 1977; Nienhuis and Benz, 1977). Taking the half life into 
account, which is between 24 and 48 hrs ((Ross and Sullivan, 1985; Stolle and Benz, 1988), 
twice at much has to be produced in order to come to this number of transcripts. This means a 
production of between 11.6 and 13.9 transcripts per min leading to a transcription initiation 
rate of every 8.6 to 10.4 seconds per allele (average of 9.5 sec), which is similar to the rate 
found in independent experiments in yeast studies (Iyer and Struh1, 1996). Transcriptional 
inhibition and release experiments at 37° (Gribnau, pers. comm) revealed that it takes 2.5 min 
for the reappearance of 50% of the normal numbers of fluorescent signals, corresponding to 
about 16 new initiation events. A rough estimation of the minimum detection sensitivity 
would be between 14 to 16 transcripts. Suggesting that when the hybridisation is complete 
this number of transcripts comes to a total length of 2800bp to 3200bp of haptenised probe 
sequences. This would predict that it should be possible to detect transcription of many 
eukaryotic genes. Indeed, with the use of RNA FISH studies 4.4kb and 6.5kb of probe 
sequences have been used to visualise primary transcription of the c-fos and fibronectin 
genes, respectively (Huang and Spector, 1991; Xing et aI., 1993). Initiation taking place about 
every 9.5 seconds and an RNA polymerase II transcription rate of about 1250 nucleotides per 
min (Thummel et al. 1990; Shermoen and O'Farrell, 1991; Iyer and Struhl, 1996), suggests an 
average of 9 to 10 nascent transcripts on a transcriptionally active p-globin gene. This is less 
than our estimated detection limit and implies that we are normally detecting not only nascent 
transcripts but also intermediately processed precursor transcripts and probably some spliced 
intron lariats at the site of transcription. This seems plausible since precursor transcripts 
remain at the site of transcription till fully processed and only as mature mRNA are 
transported from the site of transcription towards the cytoplasm (Custodio et aI., submitted). It 
can be expected that with further optimisation of the FISH procedure in combination with 
improvements in detection with digital imaging devices, the sensitivity and specificity of the 
ill situ hybridisation on RNA targets will improve in the near future which should make it 
possible to detect the transcriptional activity of any single gene. 

In recent years, FISH detection methods of primary RNA molecules in combination with 
immunocytochemical detection of nuclear proteins and digital imaging microscopy have been 
used to study in 3 dimensions the localisation and dynamics of the synthesis. processing and 
export of nuclear RNA (Xing et aI., 1993; Carter et aI., 1993; Zhang et aI., 1994; Mistelli et 
aI., 1997; Custodio et aI., submitted). Early studies in NIH3T3 cells have visualised a direct 
link between the nuclear localisation of serum inducible cjos transcription and nuclear 
speckles that are enriched in pre-mRNA splicing factors (Huang and Spector, 1991). In an 
attempt to better define the spatial relation between transcription and splicing, Zhang et aI., 
1994 showed for viral (Ad2) major late and the human endogenous p-actin gene that splicing 
occurs at the site of gene transcription. These studies imply that the nucleus is not divided into 
separate compartments regarding these nuclear processes. 

Recently, we have explored the combinatorial use of RNA FISH to visualise globin gene 
transcription with immunodetection of nuclear localised proteins such as the proliferating cell 
nuclear antigen (PCNA). PCNA is highly conserved in eukaryotes and is essential for DNA 
replication and both DNA excision and mismatch repair (Kelman et al., 1997; Jonsson and 
Hubscher, 1997). The nuclear localisation of PCNA proteins varies during the different stages 
of the cell cycle. Visualisation of its nuclear distribution pattern using immunohistochemical 
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detection methods allows for the determination of the stage of the cell cycle of the individual 
erythroid cells. This will enable us to investigate the link between gene transcription and the 
cell cycle and may lead to better insights into the cell timing effect on gene transcription as 
observed and discussed by Milot et aI., (1996). 

Possible applications for the use of FISH detection of RNA may also be found for 
diagnostics in the clinic. Chromosome translocations in which a chimaeric gene product is 
being transcribed may be visualised as a combination of the two colours used to detect the 
RNA products of the individual genes. However, also more general transcription or 
processing defects may be visualised with this technique. Recently it has been shown that 
splicing mutations in the adult f3-globin gene result in accumulation of transcripts at the site of 
transcription. providing a link between correct processing of the RNA and its transport from 
the site of transcription to the cytoplasm (Custodio et aI., submitted). 

The role of EKLF ill the erythroid lilleage 
Erythroid Kruppel-like factor (EKLF) is a transcriptional activator first identified as an 

erythroid enriched eDNA by subtractive hybridisation (Miller and Bieker, 1993). EKLF 
contains three archetypal zinc fingers in its DNA binding domain which are structurally 
related to the Kruppel-family of transcription factors originally identified in Drosophila. With 
its zinc fingers it can recognise and bind the DNA consensus sequences CCA CAe CCT 
which has been shown to playa critical role in human f3-globin gene expression but also in 
other related sequences like the f3-LCR (Feng et aI., 1994). Genetic ablation of both EKLF 
alleles in mice results in a lethal anaemia due to almost complete lack of adult f3-globin gene 
expression and the mice die around dayl5 of gestation (Nuez et aI., 1995; Perkins et aI., 
1995). Expression analysis of the role of EKLF in human globin gene expression transgenic 
mice showed an exclusive role in the regulation of the adult human f3-globin gene (Chapter 3; 
Perkins et aI., 1996). Primitive erythropoiesis was normal and expression studies in both 
primitive and definitive erythroid cells showed that non of the other f3-like globin genes nor 
the a-like globin genes as well as many other genes with CACC elements in their promoters 
were affected (Nuez et aI., 1995; Perkins et aI., 1995; Wijgerde et aI., 1996; Chapter 3; 
Perkins et aI., 1996). We recently checked for the expression of two additional potential target 
genes called Ii aminolevulinic acid synthase (ALA-S(E» and ferrochelatase (FC), both 
enzymes involved in the heme synthesis pathway which like the globin genes become induced 
at the terminal stages of erythroid differentiation. However, as has been shown for the 
porphobilinogen deaminase (PBGD) gene, which is also involved in the synthesis of heme, 
also ALA-S(E) and FC were normally expressed in erythroid cells of EKLF null mice (results 
not shown). 

Expression of EKLF proteins is not developmental specific and we have shown that EKLF 
functions as a transcriptional activator in embryonic erythroid cells (Chapter 4). Surprisingly, 
expression of the f3-globin gene in primitive cells of EKLF-/- transgenic mice having a single 
copy of the IlLCR-f3-globin construct was still expressed and transcriptionally active in about 
50% of the erythroid cells compared to wild type littermates (IlD14 line in Ellis et aI., 1996). 
In the definitive cells expression drops considerately and no active p-genes are detected 
(Chapters 4 and 5). This suggests that the adult f3-gene is not fundamentally dependent on 
EKLF but only acquires this dependency in the definitive erythroid cells. A likely hypothesis 
may be that a different factor can or is allowed to substitute for EKLF on the f3-globin CACC 
box during primitive stages of development when the conditions of the chromatin are less 
restrictive compared to definitive stages (Tewari et aI., 1996). Possible candidates are Sp I and 
BKLF both family members of the KrUppel family of transcription factors which are able to 
bind to CACC elements and which are expressed more abundantly than EKLF in the erythroid 
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lineage (Crossley et ai, 1996). An alternative possibility might be that the juxtaposition of the 
p-gene to the LCR may under these milder chromatin conditions provide EKLF independency 
in some other ways. There is evidence that regions of the LCR are transcribed and having the 
p-globin promoter in close proximity might somehow alter the transcriptional potential or 
requirements of the juxtaposed p-gene (Tuan et ai., 1992; Ashe et ai., 1997). In addition, the 
murine p-genes which are normally expressed at about 10-15% in primitive erythroid cells, 
are inactive in EKLF-/- primitive erythroid cells (perkins et ai., 1995; Trimborn, pers. 
comm.). However the murine adult p~genes in these experiments are competing for LCR 
activity with the LCR more proximal embryonic £y- and pHI-globin genes which may cause 
a more dramatic loss of its expression compared to the non competing transgenic human p­
gene. 

We have shown that EKLF, rather than Spl or any other CACC box binding factor, 
interacts with one or more CACC motifs in HS site 3 of the p-LCR (Tewari et al., 1998; 
Chapter 4). However in the context of the full LCR EKLF seems to have a redundant function 
on the transcriptional activation and chromatin structure of the LCR (Chapters 3 and 4). This 
is supported by the observation that in EKLF-/- embryos the £- and 'Y-genes are unaffected and 
that in EKLF-/- fetuses the transcriptionally active y-genes even increase in numbers. If the 
LCR would have been affected in its function one would have expected a decrease in the 
expression rather than an increase. 

At present only the adult p-globin genes have been identified as target genes of EKLF, and 
using a candidate gene approach we and other groups have excluded at least some putative 
target genes (see Nuez et ai., 1995; Perkins et ai., 1995; discussion above). This raises the 
question whether there are any additional target genes and, if so, how can we identify them? 
We have shown that a-globin gene expression is unaffected in EKLF-/- fetuses, implying that 
its promoter functions in an EKLF independent manner. Whether EKLF has additional target 
genes ill vivo can be simply tested through introducing a transgenic construct in which 
expression of the adult murine p-globin gene is under the control of the a-promoter and the p­
LCR. Both regulatory regions are expected to function, at least in part, in an EKLF null 
background. If the globin locus is EKLF's only target site, one would expect the EKLF-/­
fetuses to be rescued, at least to some extent. However, if they die at similar stages one would 
expect that EKLF activates additional target genes in the definitive erythroid lineage. Finding 
those target genes can be done by differential screening for expression of genes between wild 
type and EKLF-/- definitive erythroid cells. 
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Summary 

The genetic information that is required for the development of a single fertilised egg into 
an adult human body is stored as DNA in the nucleus of each cell. Genes are regions of DNA 
which encode for proteins that constitute the fundamental building blocks of a cell and each 
cell of the human body contains about 100.000 different genes. A large number of genes are 
expressed in all cells whereas expression of a smaller number of genes is restricted to specific 
cell types. Correct gene expression demands precise mechanisms of gene regulatory control, 
which is at the base of all biological processes. 

The expression of many genes is predominantly regulated at the level of initiation of DNA 
transcription, and the human fl-globin locus has been used as a versatile paradigm for the 
study of stage and tissue specific regulation of gene expression. The human fl-globin locus 
contains embryonic (e), fetal (Oy, Ay) and adult (0, fl) specific genes arranged in the same 
order as they are expressed during development. Two major switches in the expression of the 
fl-globin genes occur during development, one from embryonic e- to the fetal 'Y-globin genes 
and the second switch from fetal y- to adult 0- and fl-globin genes. For proper regulation, all 
the fl-globin genes are dependent on the presence of an important regulatory sequence called 
the locus control region (LCR). The LCR is a 20kb DNA region which is located upstream of 
the genes and whose regulatory features are contained within five erythroid specific DNaseI 
hypersensitive regions: 5' LCR (HS5,4,3,2,1)-e-Oy-"y-o-fl3' (see Figure 3, page 15). Genetic 
studies have indicated that during development all the genes in the locus are in competition 
for the activation function of the LCR. Our current working model proposes that the LCR 
activates the different genes through looping out of intervening DNA sequences establishing 
direct LCR-gene interactions. However, two alternative models have been proposed, and thus 
the question of how the LCR activates the genes over large distances still remains a topic of 
debate (see Figure 7, page 45). In the work presented in this thesis, we have explored fl-globin 
gene switching in transgenic mice to distinguish between the different transcriptional 
activation mechanisms. 

Gene competition suggests that only a single gene can be activated at anyone time. In 
Chapters 2 and 5, we have addressed this question by using fluorescent ill situ hybridisation 
with gene specific intron sequences as probes to visualise short lived events at the site of 
transcription in single erythroid cell nuclei. Signals appear as bright fluorescent foci at the site 
of the gene reflecting active gene transcription or very recent transcriptional activity. The 
results in mice that are homozygous for the transgenic human locus reveal both the detection 
of single and double gene signals; however, single gene signals predominate suggesting that 
the LCR activates only a single gene at a time. Furthermore the majority of switching cells 
(cells with different combinations of both gene signals) show that each globin locus can 
respond differently to the same transacting factor environment, suggesting that a dynamic 
activation mechanism operates in the locus. The double gene signals were controversial in 
that they could be explained as either a transition state in the transcriptional activity of two 
genes or as two genes that are simultaneously active. Using RNA FISH analysis in 
combination with DRB mediated transcriptional inhibition and release during periods of 'Y- to 
p-gene switching, we show that the double gene signals represent the codetection of 
transcripts coming from two alternately initiated genes. These studies indicate that gene 
expression in the P-Iocus is an all or none event, and the number of transcriptionally active 
periods of a gene and the duration of such periods determines the level of gene expression 
within a single cell. In the looping model this implies that the level of gene expression is 
determined by how often (frequency) and for how long (stability) the LCR interacts with a 
gene. 
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The model predicted that the balance of y- and p-gene transcription would gradually 
change during the switching period as a result of gradual changes in the transcription factor 
environment. In Chapters 3 and 4 we have tested this hypothesis by varying the 
concentrations of an erythroid specific transcriptional activator, erythroid Kriippel-like factor 
(EKLF), in compound knockout and human p-globin locus transgenic mice. EKLF binds 
preferentially to CACC elements found in the murine and human adult p-globin gene 
promoters. EKLF homozygous knockout mice (EKLF-/-) appear normal during embryonic 
stages, and the embryonic E- and fetal y-globin genes are expressed at normal levels even 
though EKLF is functional during these stages and seems to bind to sequences in the LCR 
HS3. In contrast, EKLF-/- mice develop a fatal anaemia as a result of severely reduced levels 
of adult ~-gene expression, and die ill utero around day 15 of gestation. Expression analysis in 
heterozygous EKLF knockout fetuses (EKLF+I-) showed a reduced level of p-gene mRNA 
with a reciprocal increase in the level of y-glohin mRNA. Changes in gene expression are a 
direct consequence of decreased numbers of transcriptionally active p-globin genes and a 
reciprocally increased number of transcriptionally active y-globin genes which in turn 
determine the expression level of each of the genes. Overexpression of EKLF results in an 
opposite effect. In addition, changes in the sensitivity of the chromatin structure are detected 
at the adult p-globin gene promoter, which in EKLF-/- fetal erythroid cells becomes 
insensitive to DNaseI, whereas the y-gene promoters increase in sensitivity. This data supports 
a role for EKLF in establishing andlor stabilising LCRI p-gene interactions and confirms the 
hypothesis that gene switching is effectuated by subtle changes in the transcription factor 
environment. Surprisingly, we show that the adult p-globin gene is not intrinsically dependent 
on the presence of EKLF since it is expressed in EKLF-/- primitive cells from a single copy 
IlLCR-p-globin transgene but acquires this dependency only in the definitive erythroid 
lineage. Yet, how this dependency is attained is not known. 

We conclude that gene competition in the p-locus is a result of single gene transcription 
periods which alternate in a dynamic fashion during stages of gene switching. This implies 
that the LCR activates only a single gene at a time, most likely through direct interactions 
with the promoter regions of the genes, suggesting that these interactions are transient and 
dynamic. The level of gene expression is determined by how often and how long a gene is 
transcribed rather than modulating the rate of transcription. A progressive switch form y- to p­
gene transcription is thought to be the result of gradual changes in the transacting factor 
environment, causing a gradual shift from initially more y-gene transcriptional periods 
towards more p-gene transcriptional periods and finally almost exclusively p-gene 
transcription. 
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Samenvatting 

De genetische informatie die nodig is voor de ontwikkeling van een bevmchte eicel tot een 
volwassen individu ligt als DNA opgeborgen in de kern van iedere eel in ons liehaam. Het 
DNA is opgedeeld in genen, die eoderen voor eiwitten die de functionele bouwstenen vormen. 
De genetische informatie in iedere eel van de mens bestaat uit zo'n 100.000 genen waarvan 
een groot deel gebmikt wordt in iedere cel en een kleiner deel aileen gebmikt wordt in 
specifieke celtypen. Dit vereist een nauwkeurig regulatie-mechanisme, dat dan ook de basis 
vormt van aile bioiogische ontwikkelingsprocessen en essentieel is voor de reactie van cellen 
op invloeden uit de omgeving. 

Het tot uitdrukking brengen (expressie) van vele voor eiwit coderende genen wordt 
hoofdzakelijk gereguleerd op het niveau van de initiatie van het afschrijven van het gen (DNA 
transcriptie). De p-globine locus van de mens staat vaak model voor de studie naar de weefsel 
specifieke regulatie van transcriptie tijdens de ontwikkeling. De p-globine locus bevat 5 
verschillende genen die gerangschikt liggen in dezelfde volgorde als waarin ze tijdens de 
ontwikkeling tot expressie komen: epsilon(e)-globine gen in het embryo, G-gamma(Gy)- en A­
ganuna(Ay)-globine genen tijdens de foetale peri ode en deUa(o)- en beta(fl)-globine genen na 
de geboorte. Twee belangrijke wisselingen (switchen) in de expressie van de p-globine genen 
vinden plaats tijdens de ontwikkeling, een van het embryonale e-gen naar de foetale ,,(-genen 
en de tweede van de foetale ,,(-genen naar de volwassen 0- en f}-genen. De "locus control 
region" (afgekort LCR) is een regulerend DNA element dat gelegen is voor de vijf fl-globine 
genen en onontbeerlijk is voor de juiste expressie van deze genen. De activerende functies van 
de LCR zijn gelokaliseerd in vijf rode bloedcel specifieke DNase! hypergevoelige (HS l-5) 
gebiedjes: 5' LCR (HS5,4,3,2,I)-e-Gy-Ay-o-fl 3' (zie Figuur 3, biz. 15). Genetische studies 
hebben aangetoond dat tijdens de ontwikkeling aile fl-genen in het cluster in competitie zijn 
met elkaar voor de activerende werking die uitgaat van de LCR. In ons huidige werkmodel 
steBen we dat de LCR de verschillende genen activeert door het vormen van directe 
interacties met de genen waarbij het tussenliggende DNA als een Ius naar buiten steekt. Dit 
model staat echter lijnrecht tegenover twee alternatieve model1en die zijn voorgedragen (zie 
Figuur 7, biz. 45), waardoor de vraag hoe de LCR de verschillende genen activeert nog steeds 
een onderwerp van discussie is en blijft. Voor het in dit proefschrift gepresenteerde werk, 
hebben we onderzoek verricht naar het mechanisme dat betrokken is bij de rode bloedcel 
specifieke activatie en het switchen van gen expressie van de genen in de p-Iocus, zodat we 
uitspraken kunnen doen over het transcriptie activatie mechanisme door welke de genen in de 
fl-Iocus worden gereguleerd. 

Competitie tussen de genen suggereert dat slechts een enkel gen actief kan zijn op elk 
willekeurig moment. In experimenten beschreven in de Hoofdstukken 2 en 5, hebben we deze 
vraag beantwoord door gebruik te maken van een fluorescentie ill situ hybridisatie techniek en 
gen-specifieke intron sequenties ais probes om kort levende gebeurtenissen op de plaats van 
transcriptie in de kern van individuele cellen zichtbaar te maken. Signalen verschijnen als 
heldere fluorescerende spotjes op de plaats van een actief of vrij recentelijk aetief gen. De 
resultaten in transgene muizen die een volledige p-globine locus van de mens bevatten laten 
zowel enkel- als dubbel-gen signaien zien; echter, de enkel-gen signalen hebben vemit de 
overhand wat er op wijst dat de LCR op elk willekeurig tijdstip slechts een enkel gen kan 
activeren. De meerderheid van eellen waarin het switchen van genen piaatsvindt (eellen met 
verschillende combinaties van gen-signalen) laten zien dat iedere globine-Iocus verschillend 
kan reageren op dezelfde factor-omgeving wat duidt op een dynamisch activatie mechanisme 
in de regulatie van p-globine expressie. De dubbel-gen signalen waren omstreden omdat zij 
zowel uitgelegd konden worden ais een overgangssituatie in de activatie van het ene gen naar 
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het andere gen dan weI dat beide genen tegelijkertijd actief konden zijn. Met behulp van de 
fluorescentie ill situ hybridisatie techniek in combinatie met DRB gemedieerde remming en 
het vervolgens vrijgeven van transcriptie tijdens periaden dat er gewisseld wordt van y- naar 
p-gen expressie, hebben we aangetoond dat de dubbel-gen signalen het gevolg zijn van de 
overgang in de activatie van transcriptie van het ene gen naar het andere gen. Deze studies 
maken duidelijk dat tijdens de switch van y- naar p-gen expressie de genen beurtelings 
worden afgeschreven en dat het niveau van gen-expressie in cen eel bepaald wordt door het 
aaotal actieve perioden van cell gen en de duur van deze perioden. In het looping model 
betekent dit dat gen-expressie wordt bepaald door hoe vaak (frequentie) en voor hoe lang 
(stabiliteit) de LCR-gen interacties duren. 

Het looping model voorspelde dat de switch van y- naar p-gen expressie veroorzaakt zou 
worden door langzame veranderingen in het milieu van regulerende factoren in de kern van de 
rode bloedce!. In Hoofdstukken 3 en 4 hebben we de rol van een rode bloedcel-specifieke 
transcriptie activerend eiwit "erythroid KrUppel-like factor" (afgekort EKLF) in de expressie 
van de p-globine genen bestudeert. EKLF is een factor die bij voorkeur bindt aan het CACC 
element in de promotor van het p-globine gen maar niet aan de soortgelijke clementen in de E­

en y-genen. Genetische verwijdering van het EKLF gen (EKLF-/-) leidt tot afwezigheid van 
het EKLF eiwit in de rode bloedcel; echter, EKLF-/- muizen ontwikkelen zich normaal 
gedurende de embryonale/foetale fase. Expressie studies hebben laten zien dat de embryonale 
£- en foelale y-genen niet veranderen in hun expressie ondanks het feit dat EKLF eiwitten al 
actief zijn in het embryo en binden aan CACC elementen in HS3 van de LCR. EKLF-/­
foetussen hebben eeo extreem laag expressie niveau van het volwassen p-gen. Deze lage p­
expressie geeft aanleiding tot een ernstige bloedarmoede met dodelijke afloop rond de 
vijftiende dag van de draagtijd. Halvering van de EKLF concentratie in EKLF+/- muizen 
geeft aanleiding tot verminderde p-expressie en een wederzijdse verhoging in 'Y-gen expressie. 
De veranderingen in gen-expressie zijn een direct gevolg van een verandering in het aantal 
actieve y- en p-genen welke recht evenredig zijn met het niveau van expressie. Het verhogen 
van de EKLF concentratie in de kern heeft het tegenovergestelde effect. Verder zijn er 
veranderingen in de gevoeligheid van de chromatine structuur waargenomen in de promotor 
van het p-gen welke in de rode bloedcellen van EKLF-/- foetllssen minder toegankelijk wordt 
voor het enzyme DNaseI terwijl de promotors van de y-genen juist toegankelijker worden. 
Deze resultaten duiden op een rol van EKLF in het tot stand brengen en het stabiliseren van 
LCR-p gen interacties en bevestigen daarmee de hypothese dat het switchen van de expressie 
van genen in de p-globine locus wordt veroorzaakt door veranderingen in het 
transcriptiefactor milieu. Echter, het volwassen p-globine gen is niet fundamenteel 
afllankelijk van EKLF, daar het p-gen tot expressie komt in de embryonale rode bloedcellen 
van EKLF-/- muizen transgeen voor het IlLCR-p-gen construct. Het p-gen verwerft de 
afl1ankelijkheid van EKLF pas in de volwassen rode bloedce!. 

Wij concluderen dat gen competitie in de p-globine locus een resultaat is van wisselende 
peri odes waarin slechts eon gen actief is. Dit suggereert dat de LCR op elk willekeurig tijdstip 
slechts met een gen een interactie aangaat, en deze interacties zijn tijdeJijk en dynamisch. Het 
niveau van gen expressie wordt bepaald door de frequentie en stabiliteit van LCR-gen 
interacties. De switch van 'Y- naar p-gen expressie is geleideJijk en wordt veroorzaakt door 
veranderingen in het transcriptiefactor milieu die resuIteren in een overgang van overwegend 
'Y-gen transcriptie tot cen geleidelijke vermindering van 'Y- en vermeerdering van p-gen 
transcriptie, tot uiteindelijk overwegend p-gen transcriptie. 
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Nawoord 

Dit proefschrift zou onvolledig zijn zonder een klein woord van dank. Daarom met deze 
laatste woorden bedank ik aile collega's, voomamelijk de globine-collega's, die mij op welke 
manier dan ook hebben geholpen enlof hebben bijgedragen aan de sllccesvolle, leerzame en 
gezellige Rotterdamse OJ.O.-jaren. In het bijzonder bedank ik Peter Fraser en Sjaak Philipsen 
voer de leerzame begeleiding. Speciale dank gaat uit naar Frank Grosveld omdat wanneer zijn 
deur openstond ik altijd terecht kon voor steun, adviezen en discussies. 
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