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Scope of this thesis

The aim of this thesis was to get more insight into the mechanism of transcriptional activation
of the human B-globin locus.
Chapter 1 serves as an introduction to chromatin. The different aspects of chromatin are
briefly described. Chapter 2 reviews the work on the human B-globin locus over the last
decade. This review aims to present some background information for the more recent
experiments that are described in chapters 3 (o 6, Chapter 3 shows the results of individual
hypersensitive site deletions of the f3-globin LCR: the transgenes become subject to position
effects and a novel position effect is described. In chapter 4 one of the parameters that is
important in the activation of the globin genes is described: the frequency of LCR-gene
" interactions. Chapter 5 presents evidence that the locus control region activates only one
gene at a time. Finally in chapfer 6 detailed analyses of the mouse -globin locus is shown and
the data suggest that the mechanism of gene activation is conserved during evolution. In
concluding remarks I discuss some implications of our work and future experiments. For more
detailed considerations of specific findings, the reader is referred to the discussion of chapters
3tob.
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General introduction

GENERAL INTRODUCTION

In a multi-cellular organism haemoglobin facilitates the transport of oxygen from the lungs to
the different organs and of carbon dioxide from the tissues back to the lungs. An erythroid cell

mainly consists of soluble haemoglobin protein..

Haemoglobin is a tetrameric metailo-protein that consists of two alpha (o) and two beta (f3)
polypeptides each of which is combined with & haem-group and gives blood its characteristic
red colour, Without the polypeptide chains the reaction of oxygen with the haem-group would
not be reversible; the folding of the protein protects the oxygen molecule from being

irreversibiy linked to the haecm-group.

A balanced production of ¢ and B-globin proteins in a red blood cell is crucial. An imbalance,
for example a lack of beta-chains, causes precipitation of the polymerising alpha chains. This
subsequently deforms the cell membrane and destroys the erythrocyte. Tight regulation of the
genes involved it producing these proteins is required; especially because a number of different
globin genes are involved during mammalian development (3 alpha genes and 5 beta genes,
Fig. 1).

LCR
5432 1 $HS1
£ G, A 5
Human B-globin locus + + ¢+ + ™ !Y Iy B
chromosome 11
HS-40
Human o-globin locus + € o2l

chromosome 16

Figure 1. Schematic representation of the human alpha and béta-globin loci. Arrows indicate the
hypersensitive sites of the locus control region (LCR}).
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General introduction

Stem cell Myeloid Precursor
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Figure 2. Schematic representation of human haematopoiesis,

Cells with their nucleus (shaded) are depicted as circles. Globin synthesis starts at the proerythrobiast
stage, the nuclear size of the erythrocyte decreases with ongoing differentiation and in the final step of
differentiation, the cell becomes enucleated.



General introduction

Haematopoiesis
The red cell originates from the hematopoietic stem cell and starts to express the globin genes
in its terminal phase of differentiation (Fig. 2, reviewed in Stamatoyannopoulos, 1994). The
characteristic feature that defines a stem cell is its unlimited capacity of self-renewal; in other
words a stem cell is able to divide without differentiating into any of the potential blood cell
lincages. An additional characteristic is its pluripotency to differentiate into progenitor cells of
cach of the different hematopoietic lineages, The different cell-types that arise from the
hematopoietic stem celt are the following: early in development microglia and Kupfercells and
subsequently megakaryocytes, macrophages, neutrophils, granulocytes, eosinophils and
erythrocytes,
The progenitor cell is the second stage of the cell in erythropoiesis; this cell is committed to a
lincage but it still retains considerable proliferative capacity. Progenitors are characterised by
' their ability to form precursor colonies in semisolid culture medium. The loss of proliferative
capacity and the start of terminal maturation distinguish the transition of progenitor to
precursor, this includes obtaining specialised function, like the production of haemoglobin (Fig.
2). In the final step of differentiation the cell undergoes several divisions from pre-erythroblast
to acidophillic erythroblast to erythrocyte. The erythrocyte loses its nucleus, mitochondria and
endoplasmatic reticulum and consists mainly of haemoglobin.

Haemoglobinopathies

Thalassemia

Alpha or beta-thalassemia (3-thal) refers to a heterogeneous group of conditions characterised
by the decrease or deficiency of either the alpha or the beta globin polypeptide in a red blood
cell. At the molecular level the mutation may vary from a single point mutation in the coding or
regulatory sequences to large deletions of a particular gene (Fig. 3; Collins and Weissman
1984). For example, in case of B-thal the imbalance in the o to B-polypeptide ratio causes
precipitation of the alpha proteins.

Sickle cell anaemia

Sickle cell anaemia is the result of one amino acid change in the B-globin protein. The sixth
amino acid has changed from a glutamic acid to a valine, leading to the production of the sickle
haemoglobin protein (HbS). HbS polymerises under deoxygenated conditions resulting in
morphologically abnormal cell-types including typical sickle shaped cells. These cells are the
cause of vaso-occlusion of endothelial tissues affecting several organs, in other words red cells
in sickle cell patients loose their deformability and obstruct and destroy microcirculation
{reviewed in Kaul et al, 1996)

13



General introduction

Hereditary persistence of fetal haemoglobin (HPFH)

After birth the y-globin genes are silenced, their expression levels drop gradually to a few
percent of total globin expression and these levels are maintained throughout aduithood. In the
case of HPFH +y-gene expression persists at higher levels in the adult stage, instead of being
silenced properly. Several mutations have been identified that correlate with the HPFH
phenotype; these mutations vary from point mutations in the y-promoter region to large
deletions at the 3’end of the globin locus (Fig. 3; Collins and Weissman, 1984)). The point
mutations in the promoter region are thought to affect the binding of the putative
repressors/silencers of the y genes thereby keeping the genes active. Deletions 3” of the A'y gene
are very heterogeneous and therefore not easy to interpret, A number of patients have been
described (Fig. 3) with different deletions in the 3’ yf} area, some of these patients show an

. HPFH phenotype, others a 83-thal phenotype (reviewed by Poncze et al.,1988).

The clinical importance of the HPFH phenotype is that it can partially rescue a B-thal or sickle
cell anaemia. Patients that have both sickle cell anzemia (or B-thal) and HPFH have a much
milder phenotype and in general do not need blood transfusions. The generation of an HPFH
like phenotype, i.e. the reactivation of the y-gene(s), is therefore an important goal.
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= LCR deletions = B-Thalassemia o §3-Thalassemia = HPFH

Figure 3. Schematic representation of the various naturally occurring deletions in the human [3-globin
locus resulting in thalassemias and HPFH mutations, The black bars indicate the y8p thalassemias,
these mutations delete the 5’end of the locus. The dark grey bars indicaie a few informative f-
thalassemia mutants, The light grey bars show the deletions leading to a 8f3-thalassemia. The white bars
indicate relatively small deletions that result in an HPEH phenotype,
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Chapter I

CHROMATIN

Fuchromatin versus Heterochromatin
Two states of chromatin have been described (Heitz, 1928) based on cytological studies of
interphase nuclei: chromatin that stays in a condensed form throughout the cell cycle, called
heterochromatin and the rest of the chromatin which undergoes a typical cycle of
condensation and unravelling, named euchromatin'. It was Iater shown that in general
heterachromatin is transcriptionally inactive and that it is located at the periphery of the
nucleus, whereas euchrormatin contains the active genes and is generally found more internally
in the nuclear space. Heterochromatin replicates late in S phase and it consists of a high
percentage of middle and highly repetitive DNA. Centromeres, the constriction in
" chromosomes that facilitates chromosome separation during mitosis, are known to contain a

high number of repetitive sequences and are shown to be heterochromatic.

Chromatin structure and organisation,

Chromatin has to be organised in order to fit physically into a eukaryotic nucleus, several
fevels of organisation are described to explain the necessary compaction. The first level of
compaction is realised by wrapping the DNA around nucleosomal core particles or
nucleosomes to form a 10 nm fibre. The second level of compaction is the formation of a 30
nm fibre which is mainly dependent on histone H1 (Thoma et al., 1979; Dasso et al., 1994)
and HMG (high mobility group) (Wolffe, 1995) proteins. The third level of compaction is
achieved by the formation of loop-structures that are attached to the nuclear scaffold/matrix,
however this higher order folding is as yet poorly understood and remains the subject of
much debate (Cook and Brazel, 1976; Benyajati and Worcel, 1976; Paulson and Laemmli,
1982; Mirkovitch et al., 1984).

Nucleosomes are octamer protein complexes that consist of histone proteins, they are the
fundamental building blocks of eukaryotic chromatin (Kornberg, 1974, 1977). An octamer
contains two molecules of each core-histone H2A, 2B, H3 and H4, about 146 bp of DNA
can be wrapped around the surface of an octamer. The first step in nucleosome assembly is
the formation of a tetramer between H3 and H4, the DNA wraps around this tetramer such
that two dimers of H2ZA and H2B can stably associate with it. The nucleosome-DNA
interaction is further stabilised by linker histone H1 that binds at one side of the nucleosome

" 1t should be noted that all chiromosomes are highly condensed during mitosis and that during interphase

chromosames become decondensed.
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Chapter I

to the linker DNA (DNA spacing two nucleosomes). Nucleosome positioning on DNA is
sequence independent but is determined by a number of other parameters, Experiments with
in vitro reconstituted chromatin, using Drosophila extracts, have shown that the first step in
nucleosome assembly is encrgy independent and the nucleosomes are positioned randomly on
the DNA. The second step requires ATP and depends on a chromatin remodelling complex
CHRAC (Varga-Weisz, 1997). Nucleosome position should be regarded as a stochastic
rather than a fixed point on the DNA because nucleosomes exhibit short-range mobility.
Experimental evidence has indicated that the nucleosomal structure of chromatin restricts the
access to the DNA template (for review see Wolffe 1994; Felsenfeld, 1996). Positioning of
nuecleosomes is thought to repress gene expression by placing regulatory sites in an
inaccessible position on the nucleosome. Comparison of transcription initiation in vitre using
“free DNA and DNA reconstituted with nucleosomes showed that in the latter case
transcription initiation is significantly reduced (O’Neil et al., 1992,1993,1995). If linker H1 is
added to reconstituted chromatin, using Xenopus exfracts, it was found to restrict
nucleosome mobility and to repress transcription even more (Ura et al.,, 1995). However, it
has been shown that the RNA polymerases are able to transcribe through nucleosome cores
(Studitsky et al., 1994). These experiments indicate that chromatin conformation in general
prevents the initiation of transcription, but not the subsequent elongation of transcription,
How the transcription machinery “reads through” the assembled nucleosomes remain as yet
unclear.
From these experiments it is clear that genes need to overcome the repressive effects of
nucteosomal organisation to become activated. Nucleosomes at the promoter have to be
disassembled, distorted or displaced in order to allow initiation of transcription. Several
models and ideas have been put forward to explain this mechanism, among these are the co-
operative mode of action of transcription factors, histone acetylation and chromatin
remodelling complexes,
The co-operative mode of action model suggests that an array of nucleosomes which cover
an area of transcription factor binding sites is displaced by an interplay of different
transcription factors; suggesting that the first transcription factor that binds to its site on the
DNA exploits the dynamic flexibility of a nucleosome’ (Fig. 4). It was shown that the
displacement can occur independent of DNA replication. The initial binding of a transcription
factor would destabilise the nucleosome/DNA interaction allowing subsequent binding of
additional transcription factors {Polach and Widom, 1995).

? It is assumed that DNA at the edge of an octamer is less tightly bound (Simpson, 1979}
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Chapter I

Histones

Histones are small, basic proteins which are highly conserved in evolution especially H3 and
H4, whereas H2A and H2B are less conserved (van Holde, 1995}, Each core histone consists
of two domains: an extended histone-fold domain at the carboxyl {C)-terminus of the protein
through which histone-histone or histone—-DNA inferactions are established and charged tatls
at the amino (N)-terminal domain containing the bulk of the lysine residues. It is at these
charged tails where important post-transtational modifications take place. Modifications (e.g.
acetylation, methylation, phosphorylation and ubiquitination) at these tails have important

consequences for chromatin structure and function,

Histone acerylation
" Histone acetylation was linked with active gene transcription in eukaryotic cells back in 1964
(Alifrey et al. 1964). Acetylation, a process that is reversible, occurs at lysine residues of the
positively charged tails of the core-histones, mediated by enzymes named histone
acetyltransferases (HATs). Neutralisation of the posilive charge of the histone tails leads to a
reduced affinity for DNA (Hong et al. 1993), thereby altering nucleosomal conformation and
stability, This implies that acetylation is linked to transcriptional activity, since tight
nucleosome binding is linked to transcriptional repression. Mapping experiments of acetylated
histones indeed indicated a correlation between hyperacetylation and active genes/domains
(Jeppesen and Turner, 1993, Hebbes et al., 1988, 1994).

Histones in euchromatin can be modified at all lysine residues that are present in their tail,
however not every lysine residue of a particular core histone is acetylated. This seems to
depend on the specificity of the HAT (Clarke et al., 1993; Kuo et al., 1996; Yang et al.,, 1996;
Bannister and Kouzarides, 1996; Ogryzko et al,, 1996). In yeast and Drosophila it was
found that H4 in heterochromatin is hypoacetlylated at residues KS and K8, but was
hyperacetylated at residue K12 (Turner et ai, 1992). In contrast, H4 of the inactive
mammalian X-chromosome is hypo-acetylated at all residues (K5, K8, K12, and Ki6)
(Jeppesen and Turner, 1993). Strong evidence for the relationship between transcription and
acetylation came from experiments in yeast where the yGCNSp, a co-activator of
transcription was shown to exert HAT activity {Georgakopoulos and Thireos, 1992; Kuo et
al., 1996). This complex interacts with specific transcription factors as well as the basal
transcription machinery (Marcus et al., 1994; Georgakopoulos et al,, 1995; Candau and
Berger, 1996). Recently it was shown that yGCNS is part of a multi-subunit complex of
approximately 2 Mda, called SAGA (Spt-Ada-Gen3-Acetyltransfease; Hampsey, 1997),
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Chapter I

In mammals it was also shown that HATs are present in or linked closely to the basal
transcription complex, The p300/CBP HAT activity (Bannister and Kouzarides, 1996;
Ogryzko et al., 1996) was initially described as a co-activator that functions by interacting
with a wide variety of enhancer binding proteins (reviewed in Janknecht and Huanter 1996).
‘Taf 130/250 HAT is another HAT associated with the basal transcription machinery; it is a
subunit of the TFIID complex, a basic component of the Pol IT transcription initiation
complex (Mizzen et al., 1996). This could indicate that HAT activity should be regarded as a
more gencral component of the transcription machinery.

Histone acetylation hints at additional levels of transcriptional regulation. Two basic models
have been proposed to explain how the modifying activities of HATSs can affect transcription
activity in a gene specific manner (reviewed in Struhl 1998},

"The first model proposes a general promoter targeting mechanism. The histone modifying
activity is targeted in a non-specific manner to individual promoters. The TAF130/250 HAT
activity argues in favour of such a general model, however physiological relevance of this
activily has not yet been shown, Gene specific expression in this case depends on the intrinsic
chromatin structure, protein-binding sites and rate-limiting steps for transcriptional initiation.
The second model suggests a gene-specific targeting model (Fig. 4). Such a model requires
sequence specific targeting of the histone modifying activity, which could be accomplished by
sequence specific, DNA-binding proteins. A number of experiments have been published that
would fit this model, Kuo et al (1998 and references therein} have shown that yGenSp
acetylates histones in vivo with a strong preference for promoter regions, Furthermore,
preferential histone acetylation at the promoter correlates with GenS-dependent transcription,
indicating its relevance in vivo. The fact that more and more proteins that are involved in
transcription regulation show intrinsic HAT activity combined with the fact that these HATSs

act on different templates indicates an additional level of gene regulation,

Histone deacefylation

As mentioned previously histone acetylation is a reversible modification and the enzyme that
is responsible for removing the acetyl-group is called histone deacetylase. Deacetylation of
histones has been correlated with repression of transcription. A number proteins that were
implicated in transcriptional repression (e.g. Sin3 and YY) have now been shown to be
associated with a histone deacetylase such as Rpd3 in yeast (Yang et al., 1996; Kadosh and
Struhl, 1997) or its human homologue HDAC! (Taunton et al., 1996). Recent results indicate
that Rpd3 histone deacetylase is important for transcriptional repression in vivo, but not
absolutely required. All mutants of Rpd3 in this study showed some residual histone
deacetylase activity (Kadosh and Struhl, 1998). Thus, the level of histone acetylation is
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determined by the action of both histone acetyl transferases and histone deacetylases.

Histone deacetylation activity can be inhibited by several drugs, among these are trichostatin
A, sodium butyrates(\/idale et al., 1978} and trapoxin. Experiments with transfected HeLa
cells showed that in 80% of the clones the lacZ reporier gene is not transcriptionally active.
After treatment with either trichostatin A or butyrate ail clones analysed showed reactivation
of lacZ expression (Chen et al., 1997). However, it should be noted that the secondary effects
of these inhibitors are not well understood: It is known that trichostatin A affects cellular
processes like differentiation, apoptosis and DNA synthesis.

Chromatin remodelling: SWISNF the crowbar of the nucleus

Several protein complexes have been described that are capable of remodelling chromatin
" conformation or that are able to disrupt nucleosome assembly to facilitate transeription factor
binding at their recognition sites. These include SWI/SNF, NURF (Nucleosome Remodeling
Factor; Tsukiyama et al., 1995), RSC (Remodelling the structure of chromatin, Cairns et al,,
1996), CHRAC (Chromatin Remodelling Activity;, Varga-Weisz et al., 1997) and ACF (Ito et
al., 1997). The best studied complex is SWESNF, originally found through genetic mutants in
yeast that cause a defect in transcription affecting both mating type switching (SWI, Peterson
and Herskowitz, 1992)) and sucrose fermentation (SNF, Laurent et al., 1990). The complex
consists of at least 1{ different polypeptides, and it induces the transcription of a limited
number of genes and thus is regarded as a regulator of transcription. It was shown that
several core-histone mutations were able to suppress SWI/SNF defects and together with the
observation that SWI/SNF mutations prevent the formation of ‘active’ chromatin
conformation at the Suc2 promoter (Hirschhorn et al, 1992}, this suggested that the
SWI/SNF complex functions via interaction with chromatin structures. Indeed both human
and yeast SWI/SNF complexes function in vitro by distupting chromatin structure, facilitating
factor binding (Coté et al., 1994; Imbalzano et al., 1994). Biochemical data have shown that
the yeast SWI/SNF chromatin remodelling activity is ATP-dependent. The SWI2/SNF2
subunit contains an ATP-dependent ATPase domain that, at least in vitre, was shown to
catalyse ATP hydrolysis in a DNA-dependent manner. Deletion of the ATP-binding site
abolishes SWI/SNF activity both in vitro (Coté et al., 1994) and in vive (Laurent et al.,
1993).

The SWI/SNF complex is thought to exert its function directly on the nucleosomal DNA,

Sedium butyrate is used on patients with a B-thal or sickle cell anaemia, to re-activate the y-genes. The

treatment is controversial since the patients suffer a number of unpleasant side effects.
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rather than inducing nucleosomal displacement, thereby disrupting histone-DNA interaction.
To date, it is still not clear how SWI/SNF activity is targeted to specific DNA regions, Since
it has been shown that SWI/SNF interacts in a sequence independent manner, targeting could
be envisioned to be the result of possible interactions with transcriptional co-activators
(Yoshinaga et al., 1992) or with the Pol II holoenzyme. In yeast it has been shown that
SWI/SNF associates with the RNA Pol II holoenzyme (Wilson ¢t ak, 1996), thus coupling
chromatin remodelling directly to transcription. This was also shown for the human SWI/SNE
subunit BRG1 (Neish et al., 1998; Fig. 4).

A more general model, or “window of oppurtunity model” , assumes that there is no
targetting of the remodeling complex; nucleosome displacement is a dynamic process that
occeurs randomly and a transcription factor could use this window of opportunity to bind to

" the DNA when it is accessible.

22



Chapter 1

Figure 4. A schematic representation of the different possibilities to overcome the repressive
nucleosome structure of chromatin.

This model is used to summarise the different mechanisms that have been described above that can
disturb chromatin conformation to allow transcription, It should be noted that this model is highly
speculative and that it does not necessarily represent genes become transcriptionally activated.

The initial step in the disruption of the nucleosomes is the sequence-specific binding of a transcription
factor, causing destabilisation of the octamer. There are two possibilities either the nucleosomes are
displaced by co-operative binding of the transcription factors (A) or HATSs are recruited by e.g.
transcription factors (TF) to acetylate the histone tails (B). This will destabilise nucleosome-DNA
association, facilitating the transcription factor binding at the transeription factor binding-site. If the
HAT is a co-activator of the basal transcription machinery this might be sufficient to initiate
transcription.

Alternatively, the disruption of the nucleosomes only by transcription factors might not be sufficient
and a chromatin remodelling activity is needed (C). In this case, recruitment of factor(s) is required,
perhaps by one of the bound factors, that facilitates the displacement of the nucleosomes in an ATP-
dependent manner. It is possible that ail three mechanisms described above (A, B, C) act in concest in
order fo facilitate opening up of the chromatin structure (D). The DNA that now has become free of
nucleosomes (E) will be occupied by the transcription factors that ensure a stable “active” promoter
conformation (indicated by HS).
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Heterochromatin and gene silencing

Heterochromatin is, except for a well-defined cytological description, poorly understood at
the molecular level. The two best-studied examples of heterochromatic regions are the
inactive X-chromosome in mammals and centromeric heterochromatin in Dresophila. Tt was
shown that most genes which reside on the inactive X-chromosome are transcriptionally
silent” and that this state is passed on from one cell to its progeny. Furthermore, it was shown
that this inactivation was not restricted to genes on the X-chromosome. Upon translocation
of an autosomal chromosome domain next to a heterochromatic X region, genes in this
autosomal domain were repressed in a distance-dependent manner, implying a ‘spreading of
heterochromatin® mechanism. Similar spreading effects had been described earlier for
Drosophila heterochromatin (reviewed by Karpen, 1994).

Position Effect Variegation (PEV) was first shown in Drosophila, using X-rays to create
mitotic exchanges, Muller (1930) showed that upon artificial chromosomal rearrangements,
euchromatic gene activity could be inhibited by juxtaposed heterochromatin resulting in the
current definition of PEV: the clonally inherited variable pattern of gene expression observed
in a subset of cells.

It turned out that transgenes introduced into the genomes of Drosophila (Wilson et al.,
1990), mice {Festenstein et al.,, 1996; Milot et al., 1996) or plants (Matzke and Matzke,
1998) can be subject to PEV. The analysis of such transgenics serves as a handle to study
PEV and the effect of heterochromatin structure and dynamics. PEV was also observed
when multiple transgenes integrated as an array at the same genomic site (Dorer and
Henikhoff, 1994; Garrick et al., 1998).

Several models have been proposed to explain PEV. The mass action model proposes that
heterochromatin should be considered as a complex of DNA and proteins (Locke et al.,
1988). The assembly of a functional unit of heterochromatin depends on the correct
stoichiometry of each subunit, Heterochromatin formation may spread co-operatively along
the DNA in a linear and polar fashion. This model implies that heterochromatin formation
starts at a given initiator and is blocked at a terminator, which would reside in euchromatin,
Evidence for such a model comes from experiments that have shown that there is polarity in
the effect of a heterochromatic breakpoint on nearby euchromatic genes, in such a way that
the genes closer to the heterochromatin are more severely affected (Spofford, 1976). Another
model that was proposed to explain PEV in Drosophila suggested pairing-driven
compartmentalisation, whereby the exchange of heterochromatic proteins in frans occurs as a

4 N . . L
Except for those genes that reside on a smatl part of the X-chromosome that is not inactivated
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result of the tendency of heterochromatin domains to aggregate or pair (Wakimoto and
Hearn, 1990). Recent experiments using FISH analysis by Sedat and colleagues have shown
that a locus distal to the centromere associates with other heterochromatic regions on the
chromosome in a stochastic manner, suggesting that the distal locus is silenced by specific
contact with centromeric heterochromatin (Dernburg et al.,, 1996).

Polycomb and trithorax group proteins
In Drosophila a wide range of mutants have been identified genetically that either suppress
PEV [su{var) mutants] or enhance PEV {e(var) mutants]. Only a few of these mutants encode
structural proteins, of which heterochromatin protein | (HP1) is the best studied. HP1 is
encoded by su(var)205 and contains a chromodomain that facilitates protein-protein
interactions and which has been identified in other chromatin modutators (Paro and Hogness,
[991). Flies deficient in HPl do not show proper chromosome condensation and this
probably results in segregation defects because of centromere malfunction (Kellum and
Alberts 1995},
Two groups of genes were initially identified as memory proteins, i.e. proteins that could
maintain a ‘determined chromatin state’ over a number of cell-divisions/cell generations: the
Polycomb Group proteins (Pc-G) and the Trithorax Group proteins (Trx-G). Both groups
were identified as being transcriptional regulators of the homeotic selector genes (HOM).
They maintain the differential expression pattern of these genes by keeping either the inactive
(Pc-G) or active state (Trx-G) during developinent (Paro and Harte, 1996; Pirotta, 1997). It
is important to note that these proteins are not involved in establishing a certain
configuration, they only maintain an already existing state/structure. The Pc-G of proteins is a
very heterogeneous set, although several conserved protein molifs were identified, suggesting
that the Pc-G act via protein-protein interactions. One member, the polycomb protein (PC)
was shown to have a chromodomain similar to HP1, raising the possibility that the Pe-G
proteins could be involved in the formation of heterochromatin-like structures to maintain
genes in a permanently silenced state. Based on a variety of genetic as well as biochemical
data it has been suggested that Pc-G act as a multi-protein complex packaging large
chromosomal domains into a repressed state, inaccessible to trans-acting factors (Zink and
Paro, 1995; Pirotta, 1997). It is believed that the proteins are targeted by interacting with
polycomb responsive elements (PREs), since PREs have the ability to correctly maintain the
repressed state of a linked homeotic promoter in transgene constructs, even if this promoter is
several kilobases away (Chan 1994; Zink and Paro, 1995). A number mammalian homologues
have been identified over the last few years for Pe-G as well as Trx-G , among these are bmi
| and M33 (reviewed by Lohuizen, 1998),
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The Trx-G of proteins is heterogeneous in sequence, structure, site of action and probably
mechanism. Members of this group are Trithorax, brahma, GAGA factor and zeste (Pirotta,
1995, 1997). In many cases, flies carrying mutations in both trithorax and Pc-G genes have
few phenotypic defects (Kennison et al., 1988), suggesting that trithorax function is needed
to counteract Pe-G repression in those tissues in which expression is activated. Recent
evidence suggests that Trx-G proteins act fogether with Pe-G complexes on common DNA
elements (Strutt et al., 1997). Analysis of the Fab-7 cis regulatory element of the homeotic
bithorax complex {(BX-C) in Drosophila, showed that it is possible to relieve the determined,
repressed state from the Fab-7 element. The derepressed state can now be stably transmitted
throughout development and it was suggested that trx-G proteins are responsible for possible
structural changes leading to an open chromatin conformation (Cavalli and Paro, 1998).

Regulatory Elements
Several elements have been described that are able to counteract the repressive effect of

heterochromatin on gene transcription: insulators or boundary elements, Locus Control
Regions (LCR} and Matrix attachment regions or Scaffold attachment regions (MAR/SAR).

Insulator

Insulators have been defined as elements that are able to separate active and inactive
chromatin environments at distinct chromosomal positions. Insulator elements do not have
intrinsic enhancer/repressor activities as has been shown for LCR's or MARs/SARs, A
number of insulator elements have been characterised in several different species, the best
known are the scs/scs’ (Keltum and Sched!, 1991) and the su(Hw) {suppresser of hairy wing]
{(Roseman et al., 1993) elements from Drosophiia and the 5’HS4 of the chicken B-globin
tocus (Chung et al.,, 1993). All elements were shown to exhibit classical insulator activity,
tested by flanking a marker gene by two insulator elements and checking for position-
independent expression upon integration, A second property indicative of insulator activity is
that the candidate element should interfere with the expression of a gene when placed
between its promoter and its enhancer.

In a search for proteins that bind to insulator elements, a 32 kDa protein was identified, called
the boundary element associating factor (BEAF-32). The protein binds to a palindromic
sequence within the scs-element in Drosophila and this element acts as a typical insulator in
the different assays (Zhao et al., 1995). Immunolocalisation of the protein showed that it is
present at specific subnuclear regions and as expected at the scs’-containing border,
Furthermore, it was alse located at the edges of puffs typically found in the larval stage of
Drosophila development, indicating that BEAF has a more general structural role in defining
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boundaries within the Drosophila genome.

As yet, it is not clear how insulators exert their function but several models have been
proposed to explain the observed features (Geyer, 1997), One model, the boundary model,
implies that the element forms a nucleoprotein complex, Such a complex would associate
with similar complexes, looping out the domains in between and establishing a chromatin
domain of independent gene activity, An alternative is the decoy model, which predicts that
the insulator element forms a complex that is very similar to a promoter-complex, thereby

“fooling” enhancers or repressors by attracting them in non-productive interactions.

Locus Control Region

Locus control regions (LCR) are characterised as being a collection of elements that contain
all the genetic information to give a (multi-)gene locus high level, developmental and tissue-
specific expression upon stable integration, independent of the site of integration. The human
[3-globin LCR \\:'as the first LCR to be identified (Grosveld et al.,, 1987) and subsequently
several LCR’s have been described, the T-cell specific CD2 (Greaves et al, 1989); the
chicken lysozyme (Bonifer et al., 1990); the B cell specific MHC class II Ea gene (Carson and
Wiles, 1993); the liver specific LAP gene LCR (Talbot et al., 1994); ). The human growth
hormone gene (Jones et al., 1995). The B-globin LCR consists of 5 DNase I hypersensitive
sites (see below) that are thought to form a holocomplex which interacts with the globin
genes to provide appropriate expression.

Differences in chromatin conformation can be detected by DNase 1 endonuclease treatment. It
was shown that transcriptionally active genes and their 5’ and 3’ flanking sequences were more
accessible to DNase I than non-transcribed regions of the genome (Garel and Axel, 1976;
Weintraub and Groudine, 1976). This type of DNase I sensitivity is referred to as general
DNase 1 sensitivity and is atiributed to more general conformational chromatin changes, for
example acetylation or methylation of DNA.

Another type of sensitivity is called DNase hypersensitivity which is thought to be the result of
small nucleosome-free chromatin regions where the DNA is digested at relatively low DNase 1
concentrations. It was shown that promoter regions where nucleosomes are disrupted or
displaced by transcription factors (or SWI/SNF, see also section chapter 1) are hypersensitive
to DNase | digestion (Wu et al., 1979; Felsenfeld, 1992},

Deletion of individual hypersensitive sites of the [3-globin LCR resulted in position effects for
the linked globin genes (Milot et al., this thesis). Similar deletions of hypersensitive sites of
the CD2-LCR were also shown to give rise to position effects (Festenstein et al, 1996). This
suggested that only a complete LCR is capable of overcoming the negative, repressive effects
of heterochromatin. Several models have been proposed to explain how LCR’s exert their
function (see chapter 11, models).
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MARs/SARs
Scaffold Attachment Regions (SAR) were characterised in Drosophila as AfT-rich sequences

of varying size (0.5-several kb). Based on the modet that chromatin is organised at a higher
level by the formation of loop-structures {loops), the sizes of the loops were estimated to
range in the order of 30-100kb (Gasser and Laemmii, 1985). It was hypothesised that these
loops would not be a random phenomenon but that the loops would be organised in the
nucleus by attachment, at their bases, onto the nuclear scaffold or matrix (based on the
isofation procedure using either low or high sall it is either called a scaffold or a matrix), In
addition it was proposed that important functional elements such as centromeres, telomeres
and origins of replication might also be associated with the nuclear scaffold (Gasser et al,,
1989; Cook et al., 1994). It is therefore important to identify those regions/sequences in the
genome that are associated with the scaffold. SARs/MARSs have been shown to stimulate the
expression of reporter constructs they flank, but only when the transgenes were allowed to
integrate into the host genome {Laemmli et al., 1992; Jenuwein et al., 1997). It has been
concluded that SARs/MARs do not confer position-independent expression to linked or
flanked transgenes, although this has been the subject of debate (for review see Geyer, 1997).
Interestingly, a SAR isolated from the hj-interferon gene displayed tissue-specific boundary
activity (Thompson et al., 1994), indicating that the effect of a SAR/MAR is not static but
can vary during development, depending perhaps on trans-acting factors, Recent data by
Jenuwein (1998) suggest that the MARs flanking the core element of the enhancer of the
immunoglobulin || gene can generate extended chromatin accessibility over a distance of
~1kb. The authors raise the possibility that the complete immunoglobulin y gene enhancer
can be regarded as an LCR and that upon deletion of any of its components it does not

function properly.
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Chapter II

The Human p-globin locus

General introduction

The human 3-globin locus is a multi-gene locus located on the short arm of chromosome 11.
The locus spans approximately 70 kb and consists of five functional genes. The genes are
expressed specifically in erythroid tissue at high levels and are arranged in the same order as
they are expressed during development (5- g, vo, ya, §, B -3, Fig. 5). During embryonic
development, when erythropoiesis takes place in the blood-islands located in the yolk sac, the ¢
gene is expressed. Later in development, the fetal liver becomes the major site of
erythropoiesis and gene expression switches from the g-gene to the y genes (Pescle et al,,
1985). Finally, around the time of birth, the bone marrow becomes the predominant
erythropoietic centre and a second gradual switch in transcription takes place from the Gy and

Ay genes to the adult § and B genes. (Fig. 5, Wood, 1976).

LCR
5473 3H
WY Sy 3BTy
Human B-globin locus B B B __B
HS-40
v G a2l
Human c-globin locus R aE

globin synthesis (%)

Age (months)
Figure 5. Organisation and developmental expression pattern of the human ¢-globin and g-globin loci.
Top: Structure of the ¢-globin and f$-globin loci. The arrows indicate the DNase hypersensitive sites
and boxes represent the different genes, Bottom: Expression levels of the individual globin genes during
development is shown. The sites of erythropoiesis are indicated.
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Structure, organisation and expression of the § globin genes

The different $-globin genes are structuraily organised in a very similar way. The genes are
relatively small, about 1500 bp and all exhibit a typical three-exon, two-intron structure. The
exons are about 200 bp long, the first intron is roughly 100 bp and the second intron is about
900 bp long.

The promoters of all the B-globin genes contain a TATA-box, which is found ~ 30 bp
upstream of the CAP-site. They also have similar, but not identical transcription factor binding-
sites, for example the CCAAT-box, the CACC-box, and GATA-1 sites (Fig. 6). Antonion and
Grosveld (1990) showed in stably transformed cell lines that the CCAAT and CACC-box
elements are required for induced and tissue-specific expression levels, in agreement with
mutation data of the CACC-box derived from the study of thalassemia patients (Orkin et al.,
1984; Treisman et al., 1985; ). Deletion of the TATA-box resulted in a dramatic decrease of
expression levels, suggesting that the LCR has an effect on the formation of the initiation
complex. Extended analysis of the TATA-box region revealed that TFIID is the only functional
complex involved in the transcriptional initiation of the f-globin gene. In a TATA-less mutant
transcription initiation is not restricted to the CAP-site and several start sites were observed,
indicating a possible role for the upstream binding elements in positioning the TFIID complex
{Antoniou et al,, 1993).

Epsilon globin

The g-gene has a CCAAT-box at -82 bp and a CACC-box at-110 bp (Cao et al., 1989; Fig.
6). When transgenic mice were made with a construct containing only the g-gene with flanking
sequences it was transcriptionally inactive; suggesting that the promoter region alone is not
sufficient for its activation {Shih et al., 1990).

Gamma globin

The v genes have a duplicated CCAAT-box. The proximal CCAAT box is located at —88 bp
and the distal box is located at position —115 bp. There is also a CACC-box at —145 bp (Fig.
0). Point mutations in these binding sites (e.g. at —117 or at —158) are known fo cause a non-
deletion type HPEH [the y gene is not properly silenced after the switch from vy to [} gene
expression] {Superti-Furga et al., 1988). However, not only mutations in known transcription
factor binding sites cause an HPFH phenotype, but mutations at -196 bp and ~202 bp are also
well-documented point mutations causing HPFH (reviewed in Poncz et al,, 1988). To date, it
is not clear how the v genes are suppressed during the adult stage of development. It has been
suggested that silencer or repressor proteins bind to the y promoter region thereby silencing
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the gene. This could explain the observed persistence of y-gene expression upon mutations of a
binding site, assuming that the mutation abolishes the binding of a silencer/repressor {Ronchi et
al., 19). Although it remains unclear what causes the reactivation of the y gene in the more
upstream mutations, experiments have indicated that chromatin structure plays an important
role in the repression of the y genes (Pissard et al., 1996).

When the human y-gene was introduced into transgenic mice it was found to be expressed in a
tissue-specific manner and to follow the expression pattern of the embryonic mouse genes

{Chada et al., 1986; Kollias et al., 1986), albeit that at very low levels.

Delta globin

The promoter of the §-gene has a mutated CCAAT-box (first C->G) at -70 bp, and it has an
imperfect CACC box at -90 bp. Recent studies have shown that the imperfect CCAAT and
CACC-box in the § promoter are the cause of low expression levels of this gene. Replacement
of this -90 bp region with the proximal CCAAC-box of the §-gene induces the expression of a
reporter gene in a transient expression assay to a level that is comparable to that of the §-
promoter (Donze et al, [996; Tang et al, [997). Similar experiments that restored the
CCAAT box also resulted in increased expression of the §-gene (Tang et al,, 1997),

Beta globin

The B-gene promoter has a single CCAAT-box, which is located at —75 bp and two CACC
boxes: the distal CACC-box is located at position —105 bp and the proximal CACC-box at —90
bp (Fig. 6). Extensive studies on the rabbit and mouse B-globin promoters have shown that
deletions upstream of the CACC elements do not affect the transcription of a reporter gene. A
deletion of the proximal or the distal CACC-element, the CCAAT-box or the TATA-box
results in significant reduction in gene expression (Dierks et al, 1981, 1983; Grosveld et al.,
1981,1982). When the human f-globin gene was assayed for activity in transgenic mice,
expression was found mainly in adult erythroid tissues, The expression paralleled that of the
endogenous adult mouse globin genes (Magram et al., 1985; Townes et al,, 1985; Kolias et
al., 1986). However, the expression levels of the human B-globin gene in transgenic mice were
also very low, suggesting that the cis-acting elements that confer tissue-specific expression
were closely associated with globin genes but that an important regulatory element was

missing {see below).
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Figure 6. The promoters of the ¢, y and 3-globin genes.
Shown are the locations of the conserved TATA, CCAAT and CCAC boxes and the binding-sites for

the various transcription factors. The direction of the GATA motif is indicated by the shading of the

ellipse.
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Locus Control Region

Analysis of the Dutch yf3-thalassemia phenotype (van der Ploeg et al,, 1980), in which
thalassemia patients have a deletion of ~100kb that deletes the complete LCR-g-y-y-§ region,
leaving only the adult -gene, revealed that the intact -gene was inactivated due to cis-acting
influences (Kiousis et al, 1983). Although if was shown that the f-gene was in an inactive
chromatin conformation, it was not clear whether this cis-effect was due to the deletion of a
positive regulatory region acting on the B-gene or to the addition of actively suppressing
sequences that were translocated to the {§ gene. Studies using transgenic mice (see also section
on gene-structure, Magram et al., 1985; Townes et al., 1985; Kollias et al., 1986) showed that
closely linked cis-elements of the different globin genes were not able to give high levels of
gene expression. Together these observations suggested that important regulatory clements
were missing in both the yf} thalassemia patient and the transgenic mice studies. In an attempt
to locate these possible regulatory elements of the human {-globin locus DNase I
hypersensitive sites (HS) were mapped {Tuan et al, 1985; Forrester 1986; Grosveld et al.,
1987) in different erythroid cell lines, '

Minor and major hypersensitive sites were identified within the human B-globin locus. The
minor hypersensitive sites (relatively high concentrations of DNase I were used to detect these)
were located to the 57 regions of the different expressed globin genes.

Six erythroid cell specific and developmentally stable major hypersensitive sites were identified,
of which 5 sites are located in a region of approximately 20 kb 5’ to the ¢ gene. The sixth
hypersensitive site was shown to be located at the 3’ end of the B-globin locus, about 10 kb
downstream of the 3 gene (3° HS1; Fig. 5).

The functional relevance of these hypersensitive sites became clear when mice were generated
with a f§-globin “minilocus”. In this construct the 6 major hypersensitive sites were linked to
the adult B-gene. Analysis of B-gene expression during development showed that the 5
hypersensitive sites from the 5’end of the locus conferred high level, tissue-specific, copy
number dependent expression which was independent of the position of integration {Grosveld
et al,, 1987). This region was designated the Locus Control Region (LCR) (Fig. 5).

Properties of the individual hypersensitive sites of the §-globin LCR.

To investigate whether the individual hypersensitive sites have intrinsic transcription regulatory
activity a number of different experiments were carried out in transgenic mice and in cell lines.
it was shown that HS2, HS3 and HS4 are the most important hypersensitive sites of the LCR
{Forrester et al,, 1989; Collis et al., 1990; Fraser et al., 1993; Ellis et al., 1993,1996; Fig. 7).
The activity of the individual hypersensitive sites it was shown that the effective sequence of
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the different sites resides in 200-300bp core-elements (Philipsen et al., 1990,1993; Talbot et
al,, 1990; Pruzina et al., 1991). These corc-elements were shown to contain a number of
binding-sites for DNA binding proteins / erythroid specific transcription factors (see below,
Fig. 7). Interestingly, these binding sites closely resemble the motifs found in the promoters of

the different globin genes.

HSI: In a naturally occurring deletion, called Spanish thalassemia, (Fig. 3; Driscoll et al.,
1989; Forester et al., 1990) 35kb of sequence 5’ to HSI is deleted, leaving HS1 and the rest of
the locus intact. The deletion results in a DNase I resistant configuration of a region
approximately 200kb around the globin locus that is normally sensitive to DNase digestion. It
was also shown that the replication timing of the globin locus changes from early S to late S
phase(Aladjem et al, 1995). Analysis of transgenic mice in which HS1 is linked to a yy5p
cosmid showed that HS1 is not able to drive y-gene expression in the fetal liver (Fraser et al,,
1993), although it contributes significantly to the total expression of the locus as determined by
deletions of HS1 from the mouse and human globin locus (Milot et al,, chapter 3 and Trimborn

et al., chapter 6).

HS2: This is the only site that shows classical enhancer activity in transient transfection assays
in cell lines (Tuan et al., 1989). The major activity resides in a 300 bp core-element containing
a number of binding sites for ubiquitons as well as erythroid-specific transcription factors
(Talbot et al., 1990, 1991; see Fig. 7). The enhancer function has been attributed to the dimer
AP-1 consensus binding site (Ney et al., 1990; Caterina et al., 1991; Talbot and Grosveld,
1991). However, a 1.5 kb HS2 fragment is not able to activate a linked -gene when present as
a single copy in transgenic mice. Activation is only achieved in multi-copy transgenic animals
(Ellis et al., 1993; Ryan et al 1989). When HS2 was linked to a vy cosmid it was shown that
this site is able to contribute to the overall expression of the locus (Fraser et al,, 1993).

Pawlik and Townes (1995) have suggested that the formation of HS2 is an intrinsic property
and is not dependent on a linked globin gene, Injection of a 1.9 kb HS2 fragment into mice
resulted in hypersensitive site formation in 9 out of the 10 lines examined. The integration sites
of these transgenes were not analysed and it can not be excluded that some of them may have

integrated near endogenous transcription units,

HS3: The core element (225bp) contains a triple repeat of GATA-1 binding sites and G-rich
sequences (Philipsen et al., 1990, 1993). HS3 is the only site that can drive expression of both

v and B-globin genes in fetal liver (in a yydf cosmid, Fraser et al., 1993) and is the most active
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site in the embryonic and fetal stages of development. HS3 consistently drives expression of
single copy (-globin transgenes, suggesting a dominant chromatin-opening function for HS3
{EHis et al., 1996).

HS4: The basic properties of HS4 are retained within a 280-bp core element (Pruzina et al,,
1991; Lowrey et al., 1992), with similar transcription factor binding sites compared to those
present in HS2 and HS3. When linked to the yy3f8 cosmid, IS4 is very active in the adult stage
driving 3-globin expression. However, as a single copy transgene linked to the (3-globin gene,

it is not able to activate the linked [B-globin gene (Ellis et al., 1996).

HS5: This hypersensitive site was originally described as a ubiquitous hypersensitive site
{Tuan et al., 1985) with possible boundary or insulator activities (Li and Stamatoyannopoulos,
1994). Careful analysis using transgenic mice indicated that neither effects were reproducible.
HS35 is a tissue-specific hypersensitive site that is only detectable in red cells and does not have
any boundary or insulator activity (Zafarana et al., 1996). When HSS5 is linked to a p-globin
gene it is not able to enhance transcription of this gene or to shield it from position effects
(Raguz, personal communication).

These experiments showed that although the hypersensitive sites share similar transcription
factor binding-sites (Fig. 7), each site behaves quite differently when linked to a (set of)
reporter gene(s) and suggests that the HS elements must interact with one another to obtain
wild-type levels of globin gene expression. The distinct intrinsic properties of the individual
hypersensitive sites became even more evident from studies in transgenic mice with YAC
construets in which HS3 was deleted or replaced by HS4 and Vice Versa (Bungert ¢t al,,
1995).

The deletion of HS3 or HS4 caused a dramatic reduction in the expression of the globin genes
in all stages of development (see also chapter 3 of this thesis). In the transgenic mouse lines
that have a duplicated HS4, there is a competitive increase in y-expression at the expense of
the e-gene while 3-gene expression is severely ablated. Duplication of HS3 did not result in an
aberrant expression pattern, indicating that HS3 can complement the loss of HS4 in these
mice. These data suggest that the LCR acts as an integral functional unit, and that the
dissection of this complex leads to the disruption of its structure and function. Similar
experiments, in which individual hypersensitive sites were deleted, showed that upon deletion
of any one hypersensitive site in the LCR; the transgenes were no longer expressed
independently of the integration site. The ability of the LCR to confer position-independent
expression to linked genes was lost. DNA-FISH analysis revealed that those transgenes that
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were integrated in or near the centromere showed a position effect (Milot et al., 1996), while
mice with transgenes that were not integrated in or close to the centromere showed only minor
changes in globin expression levels. The latter results were confirmed by Peterson et al.
(1996), who also showed that deletion of HS2 or HS3 of the LCR did not lead to dramatic
changes in expression of the different globin genes during development”,

Experiments with the endogenous mouse B-globin LCR (deleting the complete HS2 or HS3)
resulted in a reduction of expression levels of the adult B-globin genes of approximately 30 %
(Fiering et al,, 1995; Hug et al,, 1996). .Deletion of HS1, HS4 or HSS5 resulted in a decrease
of 10% in expression levels of the adult §-genes (Trimborn et al., unpublished). Summarising
these experiments it can be concluded that the LCR exerts its function as a holocomplex and it

should be regarded as a single regulatory element,
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Figure 7. The human B-globin Lecus Control Region (LCR).

The human B-globin locus is shown, indicated are the 6 DNase I hypersensitive sites (arrows), the 5’
hypersensitive sites are confined to a region of ~20 kb, upstream of the g-gene and are referred to as the
LCR. The binding motifs of various proteins within individual hypersensitive sites 2, 3 and 4 are
depicted.

Note that neither Bungert et al. nor Peterson et al, determined the integration sites of their transgenes.
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Minor regulatory regions in the human [3-globin locus

A number of additional regulatory regions or elements have been described in the human -
globin locus. These elements are thought to play an important role in the developmental
expression patterns of the genes.

LCR

e Sitencer R A R

A region 5 to the e-gene was identified as conferring for silencing activity on the g-gene in
vitro as well as in vivo. It was shown by transient transfection assays that a small region (-117
bp to -392 bp) silences a CAT reporter gene, irrespective of its orientation or location (Cao et
al., 1989). It was also shown in transgenic mice, using a heterologous construct (HS1 and HS2
linked to the 5’-g and the Ay gene), that if this region is deleted, expression of ¢ is not silenced
and is therefore no longer restricted to embryonic blood cells (Shih et al., 1993). In addition a
deletion of an even smaller fragment in this region (Liu et al,, 1997) made in a B-globin YAC
suggested that this region is not only a silencer of g, but is also required for its activation and

surprisingly, is also required for y-gene activation in the yolk sac.

Transgenic mice generated with constructs containing specific point mutations at potential
binding site for nuclear proteins revealed that the transcription factors YY1 and GATA-1 are
candidate factors responsible for the repression of the e-gene in the adult stage of development
{(Raich et al, 1995; Li et al, 1997). The mechanism of this repression is not clear but from
these results it was suggested that either YY1 is a direct repressor or that it hinders the binding
of GATA-1 and thus preventing transcriptional activation, It was recently shown that YY1
associates with the histone-deacetylase Rpd3 (Yang et al, 1996). This indicates that
madification of nucleosomal histones assembled on the g-promoter may play an important role

in the transcriptional regulation of the gene.
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developmental gene switching of the ¢ and B-genes (Choi and Engel, 1988). In this model the

08D
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¢ and the § genes compete for the same enhancer in definitive erythrocytes’. The SSE
provides the B-gene with a competitive advantage over the e-gene, resulting in the silencing of
the e-gene. In an analogy to this model, Jane et al. (1992) described a region in the y-
promoter (-53 to -35) that is suggested to be essential for the y genes to compete effectively
with the B-gene during early development. Furthermore a protein was characterised that binds
to this region: -50y or stage specific protein (SSP). The designation SSE is not a very accurate
one as it is obvious that this region should be regarded merely as part of the y-gene promoter
where a number of different elements play a role in the switch from v to [3-gene expression. .

Analysis of transgenic mice with a deletion of this region has revealed a significant change in
the y to § mRINA ratios. The human §3-gene, which is transcriptionally silent in cells of day 10
embryonic blood carrying the wild type 4-p minilocus construct, has become transcriptionally
active in animals that have a mutated 50 region of the y-gene, These results were confirmed
by primary transcript in situ hybridisations using intron specific oligonucleotide probes

{Ristaldi and Grosveid, in prep).

sremcr Yy y & S 3By

The 3’ Ay—cnhancer is iﬁcated 400bp downstream of the poly-adenylation site of the Ay—gena
and is less than 750 bp in length (Bodine and Ley, 1987). Patient data indicated that large
deletions in the human -globin locus that deleted the region immediately 3’of the v gene
resulted in a §f} thalassemia. But patients with a similar deletion which did not include the 3'y-
enhancer showed an HPFH phenotype. These data suggest the presence of a possible
regulatory element in this region.

Analysis of the 3’y enhancer, by transient transfection assays, showed that it has classical
enhancer activity being independent of its orientation and induces the expression of a linked
reporter gene. Furthermore, this region also induced expression from heterologous promoters
in erythroleukemia cells as well as in non-erythroid cells and it showed erythroid-specific

DNase I hypersensitive sites. Footprint analysis of this region revealed that there are three
possible binding sites for the erythroid transcription factor GATA-1, but sites for more

6 - S
Note that the f3-gene is silent in primitive erythrocytes
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ubiquitously expressed transcription factors were also identified e.g. AP-2 and Sp-1
(Cunningham et al., 1994). In the same study it was shown that SATBI binds to the 3’ -
region, a protein that was originally identified to bind to MAR/SARs (Jarman and Higgs,
1988; see below). The 3’  region did not show up in earlier biochemical experiments that
were designed to identify the MAR/SARs within the globin locus (see below), but it remains
possible that this region is attached to the nuclear matrix/scaffold and therefore functions as a
regulatory element in separating topological domains.

From experiments using micro-LCR-y constructs with different, increasing deletions in the 3’ y
sequences it was concluded that the 3’enhancer is necessary for position-independent
expression of these transgenes (Stamatoyannopoulos et al, 1997). The results of these
experiments are not easy to interpret since the lines analysed were not single copy and it is not
clear what the significance of these data is in the context of the complete f3-globin locus.

LCR
N € Gy A 8
sorgion Yyyyy f __ pa B8 By
Severatl naturally occurring deletions suggested that the region 3’of the wp gene and ~3kb
upstream of the § gene might be of interest for further studies, since they result in different

phenotypes with respect to y-globin expression. The Italian HPFH-5 deletion, which removes
15 kb of sequence starting 3.2 kb upstream of § to the 3f’enhancer causes an HPFH
phenotype (Fig. 3). A similar deletion that removes the same sequence, but differs only in that
the deletion starts 2.5kb upstream of § results in a thalassemic phenotype (US Black, Fig. 3).
A L7 kb fragment (2.3 - 4.0 kb 5’ to §) was used in a transient transfection assay in MEL cells
and showed an inhibitory effect on both the -y and the -globin promoters but not on a non-
globin promoter (Vitale et al., 1994).

Studies using transgenic mice made with YAC constructs that delete this 5°8-region show that
this transgene no longer exhibits position-independent expression. Two transgenic lines were
obtained, DNA-FISH analysis have revealed that one transgene is integrated in the centromere
and is therefore located in heterochromatin, The integration site of the second transgene is
near the centromere (Grosveld, personal com.). Both lines are subject to classical PEV, as was
shown using primary transcript in site hybridisation (Milot et al.,, 1996), mRNA was only
detected in a subset of erythrocytes that were transcriptionally active. A second phenomenon
detected for both lines is the fact that the mRNA levels, analysed using S1-nuclease protection
assays, were lower than the quantitated primary transcript signals, Experiments performed
thus far always showed comparable levels of mRNA and number of transcriptionally active
genes (Wijgerde et al., 1995; 1996; Dillon et al., 1997; Trimborn et al., this thesis) suggesting
that in this case the number of polymerases per transcription unit has decreased.
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LCR
3’ B-enhancer + + ++ v IEI Glxl Alx \Vrl? |§| lﬁ! +

The human B-globin gene, when introduced in transgenic mice, is expressed in a correct

developmentally specific manner albeit at very low levels (Magram et al., 1985; Townes et al.,
1985; Kollias 1986). Expression was not detectable during embryonic development but is
turned on in the fetal Hver and continues into adulthood. The presence of downstream
elements in the chicken [-globin gene were indicative of the presence of a 3’ regulatory
element for the human B-globin gene. Kollias et al. (1986) showed that a v hybrid gene is
expressed in a tissue and developmentally specific manner, again suggesting the presence of a
regulatory element. Experiments in transgenic mice and in MEL cells proved that the erythroid
and developmentally specific activity resides in a ~1 kb region 3’of the poly-A site of the f}-
gene (Kollias et al., 1987; Trudel et al, 1987, Behringer et al., 1987; Antoniou et al,, 1988),
Transgenic mice made with YAC constructs that have a deletion of the 3’ B-enhancer (Liu et
al., 1997) showed that there is a significant decrease in §-gene expression in the fetal liver and
the spleen. The effect was very specific and only on the 3 gene.

MARS/SARs ‘H? E,R* v 5 b 2By

In the human J-globin locus three SAR/MAR sequences have been described, two based on
the biochemical isolation protocols (Jarman and Higgs, 1988) the third via an indirect strategy
{Cunningham et al,, 1994}, The first SAR/MAR is located in the intervening sequence (j-
IVSIL) of the B-gene, this region was also shown to have tissue-specific enhancer activity
{(Antoniou, 1988). The second SAR is located 3’ of the B gene approximately 500 bp
downstream of the 3'B-enhancer. The third SAR was described more recently, using affinity
chromatography. A protein was isolated that associated with the 3‘Ay enthancer region which
turned out to be SATBI (special A/T binding protein; Dickinson et al,, 1992). SATBI1 has
been shown to bind selectively to SARs/MARS.

All three regions described above exhibit a typical SAR/MAR phenomenon; they co-localise
with cis-regulatory elements. This has also been observed for several genes in Drosophila
where it was called co-habitation {Gasser and Laemmli, 1986). However, the MAR/SARs that
were identified in Drosophila never resided within a transcriptional unit and this raises the
question whether the SAR shown in IVSII of the B-gene is a true SAR, all the more so
because there has been much discussion about the different protocols used to identify
SARs/MARs, A new protocol, using FISH analysis, described by Bickmore and Oghene
(1996} is probably going to set the new standard of how SARs should be localised in vivo, In
this particular experiment a 450 kb YAC was used to hybridise to an area around the PAX6
gene. In double hybridisation experiments using specific cosmids, it could be determined where

the site of attachment to the nuclear scaffold was located.
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Globin gene switching during development

The genes of the human [B-globin locus are differentially expressed during development and
this involves tight regulation of these genes to assure correct activation and repression at each
stage. Using transgenic mice the mechanism of developmental switching in the human 8-globin
locus was studied. First of all it was shown that the cis-clements closely linked to the ¢ gene
are able to repress the expression of this gene after the switch from embryonic to fetal
erythropoiesis (Raich et al,, 1990; Shih et al., 1990). Transgenic mice were made with a
ULCR-¢ construct and it was shown that the ¢ gene was only expressed in embryonic blood
cells, with no significant expression of the gene in 14.5 day fetal liver. Secondly, experiments
using nLCR-y, nL.CR-P and nLCR-y§f3 constructs (Enver et al,, 1990) showed that the pnL.CR-
v and nLCR-$ did not show correct developmental expression. The y-gene was expressed
throughout development, in embryonic blood, but also in fetal liver until at least 18 days of
gestation and was not silenced correctly in the fetal period. Data for the B-construct were very
similar with [-gene expression observed early in embryonic erythrocytes and staying on during
fetal development. Similar experiments by Dillon and Grosveld (1991) showed that if the 3° y
enhancer is included in the mini-LCR-y construct, the y gene is shut down correctly during
fetal development, suggesting that the enhancer might be essential for autonomous silencing of
the y-genes. However, it is difficult to compare these two sets of data since there were also
differences in the LCR-fragments [Dillon and Grosveld used a mini-LCR (1991} whereas
Enver et al. used a p—LCRT (Forrester et al, 1989)]. Results with the pLCR-v8 constructs
{Enver et al, 1990) demonstrated that by using this construct correct developmentally
regulated globin gene switching was achicved and suggested that the fetal and adult genes
compete for activation by the LCR, as was proposed for the chicken [3-globin locus (Chbi and
Engel, 1988).

The competition model for the human {3-globin locus was confirmed by using constructs with a
different gene-order relative to the LCR (Hanscombe et al., 1991; Peterson et 1993). The
results indicated that a combination of local control elements in conjunction with polar
competitionﬁ regulates the developmental expression in the human B-globin locus. In other
words the g and the y genes are silenced autonomously after the switch from embryonic to fetal
erythropotesis {Raich et al.,, 1990; Dillon et al,, 1991), whereas the [ gene is silenced in the

" The [-LCR is a 2.5 kb cassette containing four of the erythroid-specific hypersensitive sites from the LCR
(Forrester et al., 1989); the mini-LCR is a 22 kb LCR fragment containing all 5 hypersensitive sites (Grosveld
et al., 1987).

% This implies that the relative position of a gene in relation to the LCR is important,
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embryonic stage of development via a competition mechanism. Since the ¢ and y genes can not
be activated in the late fetal period, the B gene is now the only gene that can be expressed. In
chapter 4 of this thesis additional evidence for the competition model! is presented and the
importance of the relative position of a gene in the locus is discussed (Ditlon et al., 1997),

LCR o A 5 B
Human £ LA
B-globin locus l' l' ‘ ‘ l' B BB B B
LCR puni
gy Hi maj Imin
e 4y 4} gy Mgt T

B-globin locus

Bmaj + fmin

Globin expression (%)

Days of gestation

Figure 8. The organisation and developmental expression profiles of the human and the mouse §3-globin
genes. The graphs represent the mRNA levels of the individual human f-globin genes from a single
copy transgenic mouse line (Line 72; Strouboulis et al., 1992a) compared with the mRNA levels of the
endogenous mouse 3-globin genes.
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Mouse model to study developmental regulation of the human f-globin locus

It was clear from earlier experiments that the study of the multi-gene human B-globin locus
would be much more complicated than a single gene-promoter study. It became evidently that
a multi-gene locus has to be studied in conditions as close as possible to the endogenous
situation. However, a major problem was the limited size of DNA that could be cloned and
manipulated in bacteria. By linking together two cosmids spanning the 70 kb DNA region of
the human [-globin locus, our lab first succeeded in generating single copy transgenic mice
carrying the complete human B-globin locus (Strouboulis et al., 1992b). The developmental
expression pattern of these single copy, human B-globin locus mice was examined. Yolk-sac
RNA from 8.5, 10.5 and 11.5 days and fetal liver RNA from day 12.5, 14.5 and 16.5 was
analysed using S| nuclease protection assays (Strouboulis et al, 1992a). The resuits of the
individual human globin genes compared to the endogenous mouse genes showed that during
embryonic erythropoiesis, the two y genes are most abundantly expressed, approximately five-
fold higher than the e-gene {Strouboulis et al,, 1992a; Fig. 8). Expression of the e-gene was
not detected in fetal liver whereas low levels of y-gene expression were detectable until 16.5
days of gestation. Expression of the [3-gene was detected starting at 12.5 day when the fetal
liver is the main site of erythropoiesis. These data showed that the expression of the human
genes in transgenic mice mimics the developmental expression pattern of the human p-globin
locus closely and that therefore these mice provide an excellent model to study the molecular
mechanism of gene regulation in a multi-gene locus. Recently it has been demonstrated that
with the use of yeast artificial chromosomes {(YAC) it is also possible to manipulate large
sequences of DNA (ranging from 100-500 kb) and to generate transgenic mice (Peterson et al,,
1993; Gaensler et al., 1993). These mice with YACs containing either 150 or 250 kb of DNA
including the human B-globin locus showed an expression pattern similar to that obtained with
the linked-cosmid strategy (Strouboulis et al., 1992a/b).

Erythroid Specific Transcription Factors

Several transcription factors that are involved in the regulation of the B-globin locus have been
identified; for example AP1, EKLF, GATA-1, NF-E2, NF-E6, SP1 and YY1. These trans-
acting factors were not only present in the promoters of the five different B-globin genes (Fig.
6), but also in the hypersensitive sites of the LCR (Fig. 7). A number of these factors is

discussed more extensively below.
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EKLF

The erythroid Kriippel like factor (EKLE), is a zinc-finger protein of approximately 38 kDa. It
was cloned using a subtractive hybridisation technique in a search for new erythroid-specific
transcription factors (Miller and Bicker, 1993}, EKLF contains 3 zinc-fingers and was shown
to bind to the CACC-box, which can be found in all globin promoters (as shown above). EKLF
is an erythroid-specific transcription factor that is only expressed in erythroid tissues,
Knocking-out EKLF in ES cells yielded mice that developed a fatal anaemia in the early fetal
liver (Nuez et al,, 1995; Perkins et al., 1995). From these experiments it was concluded that
EKLF is indispensable for the final steps of definitive erythropoiesis.

It was shown that EKLF activates the adult 3-globin gene to a much greater extent than it does
the fetal y-genes in cultured cells (Donze et al., 1995). The generation of mice containing a
single copy of the human f-globin locus (Strouboulis et al., 1992a) as well as an EKLF
deficiency (+/- or -/-} enabled the study of the effect of EKLF on the developmental regulation
of the human giobin genes (Wijgerde et al., 1996). 1t was found that without EKLF there is no
f3-gene expression at all, this coincides with the disappearance of the 5'HS of the f§-promoter.
It was suggested that this might result from changes in the interaction between the LCR and
the upstream f3-elements (Wijgerde et al., 1996). Furthermore, it was shown that a decrease in
EKLF (in heterozygous animals) leads to a higher ratio of y to [} transcription during the
switching period. Conversely, overexpression of EKLF results in a lower v to [} ratio of
transcription (Tewari et al., 1998). Thus, these experiments suggested that EKLF might help to
complete the switch from y to B-gene transcription by ensuring strong interaction between the
{3-gene and the LCR (Wijgerde et al., 1996; Perkins et al., 1996).

Experiments in which p-LCR and HS3 constructs linked to a heterologous promoter were
analysed in an EKLF -/- background revealed that EKLF is also required to drive expression of
a heterologous promoter linked to HS3 (Tewari et al,, 1998). This suggests that EKLF indeed
interacts with HS3 in vivo, Furthermore, in another in vivo experiment, using transgenic mice
in which the EKLF binding site of the 5' HS3 was mutated, it was shown that expression of the
tinked B-gene was abolished. Concomitantly matching amino acid changes in the zinc-fingers
of either Sp! or EKLF polypeptides with changes in their respective recognition sites, showed
that these changes indeed resulted in specific binding of the changed protein to the mutant
binding site. More interesting was the result that only in combination with the changed EKLF
protein the expression of the §-gene was restored demonstrating that EKLF activates HS3 by

direct interaction (Gillemans et al., in press),
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GATA-1

The DNA-binding protein GATA-1 contains two zinc-fingers and is abundantly expressed in
erythrocytes and megakaryocytic cells. The most itmportant GATA consensus sequence
(T/AYGATA(A/G) is present in the cis-elements of nearly all genes expressed in the erythroid
lineage including all B-globin gene promoters (Philipsen et al., 1990) and the GATA-I
promoter itself (Nicolis et al., 1991). Its essential role in erythroid development has been
established by gene-targeting studies (Pevny et al., 1991), loss of GATA-1 results in apoptosis.
Loss of another family member, GATA-2, leads to a decrease in hematopoietic precursors
(Tsai et al., 1994) indicating that this protein is essential in early development, whereas
overexpression of an estrogen inducible GATA-2 protein results in proliferation of precursors
and inhibition of differentiation (Briegel et al,, 1994).

These data resulted in the following model for erythroid differentiation (Weiss and Orkin,
1995); GATA-2 is necessary and sufficient for the proliferation and differentiation of the
erythroid lineage up to the proerythroblast stage. Subsequently, GATA-1 is activated by an
unknown mechanism, leading to the down-regulation of GATA-2. It has been suggested that
GATA-1 levels increase through a positive autoregulalory loopg, thus reaching levels
sufficiently high for the activation of erythroid-specific genes. However, studies in MEL cells
have shown that overexpression of GATA-1 (~3 fold) gives the opposite result. Potential
target genes are not induced and MEL cells are not directed towards differentiation but start to
proliferate (Whyatt et al., 1997). Recent experiments show that GATA-I acts directly on the
cell cycle, possibly by regulating cyclin A2 which regulates phosphorylation of the
Retinoblastoma protein (Rb). Interestingly erythropoiesis is also disrupted in the Rb knock-out
mouse and its phenotype is very similar to the GATA-I knock-out mouse (Maandag et al,,
1994).

NF-E2

The transcription factor NF-E2 is a heterodimer consisting of an erythroid-specific subunit p45
and a ubiquitous DNA-binding subunit called p18-maf {(Andrews et al., 1993). Both subunits
are basic leucine zipper proteins, the heterodimer binds to tandem API binding-sites (Mignotte
et al., 1989; Andrews et al. 1993), Binding sites are found throughout the B-L.CR (Fig. 7). In
vitro studies, using reconstituted chromatin, have shown that NF-E2 can disrupt the

nucleosome structure of chromatin (Armstrong and Emerson, 1996).

? Note that a consensus GATA binding site is present in the promoter of GATA-I.
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Furthermore, GATA-1 is only able to bind to the reconstituted DNA if both subunits of NF-E2
are added. Thus it was suggested that NI-I2 facilitates the binding of GATA-1 to the DNA by
replacing the nucleosomes on the template. Recent biochemical data have shown that in vitro
NF-E2 might interact with the transcription machinery via a direct interaction with TAF-130
{Amrolia et ak., 1997).

Disruption of the p45 subunit of NF-E2 in mice revealed only a very mild effect on globin
chain synthesis. Thus, the regulation of globin gene transcription in vive is not dependent on
p4SNF-E2. When the pl8 subunit was disrupted nult mutant animals developed normally and
the disruption did not have any effect on globin expression, indicating that pt8NF-E2 is not an
essential component of the heterodimer (Kotkow and Orkin, 1996).

Replication of the human -globin locus

Studies in MEL cells have shown that the j-globin focus is replicated in early S phase during
the cell cycie (Epner et al., 1981). More extensive experiments, looking at the direction of
replication, showed that the origin of replication is located in a 2 Kb element between the § and
[ gene (Kitsberg et al., 1993). Analysis of a cell line of a Lepore patient, which has an 8 Kb
deletion spanning this §-[3 region showed that the replication becomes unidirectional (Kitsberg
et al., 1993) and suggests that it originates from another initiation region (IR). Recently it was
shown that in a cell-line of a Hispanic thalassemia patient which has a deletion of 25 Kb 5’ to
HS1 (Fig. 3), the replication fork changes direction (Aladjem et al., 1995). This change in
direction was attributed to the deletion of LCR sequences. However, the authors do not
consider the possibiity that due to the loss of the LCR the chromatin conformation of the
locus changes, as indicated by the change in DNase I digestion (see also section “properties of
individual hypersensitive sites”),. Since it is known that heterochromatin replicates late during

S-phase, it could be that the globin locus has been packaged into heterochromatin.

48



Chapter II

Mouse [3-globin locus

The developmental expression pattern of the mouse locus was studied and compared with the
expression of the human locus in transgenic mice. The organisation of the mouse B-globin
locus is very similar to the human locus and it is therefore important to know whether the
activation of the genes is regulated in a similar way; i.e. if the regulation of the B-globin genes
is conserved during evolution (see chapter 6).

The murine §-globin locus consists of 4 functional genes: gy, BH1, fmajor and Bminor and is
located on chromosome 7 (Fig. 8). In analogy to the human locus a locus control region was
identified upstream of the gy gene. The mouse -LCR also consists of 5 hypersensitive sites
that are erythroid specific and developmentally stable. The core elements of the hypersensitive
sites were shown to be highly homologous to their human counterparts not only at the level of
structure and organisation but also at the level of DNA sequence where a high degree of
conservation is observed (Moon and Ley, 1990; Hug et al., 1992; Jimenez et al., 1992; Enver
et al., 1994; Fiering, unpublished).

The genes are expressed during development in the same order as they appear in the locus with
ey and BH1 expression restricted to embryonic blood. The Bmaj and Bmin genes are expressed
already in the embryonic period albeit at low levels and are the only genes expressed in the
fetal liver {Whitelaw et al., 1990).

Analysis on single cell level, using the primary transcript in site hybridisation technique
suggests that the regulation of the mouse [-globin locus is very similar to the human B-globin
locus, in that the LCR activates only one gene at a time by a looping mechanism (Trimborn et

al., this thesis).
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Models of LCR mediated gene-activation in the human (-globin locus

Scanning model
Three models have been proposed to explain the mechanism of multi-gene activation in the

human f-globin locus (Fig. 8). All models have in common the implication that the LCR
provides an “open” or activateable chromatin conformation. The mechanism of gene activation
is different for the individual models. The scanning mode! suggests that a “transcription
activation machinery”'® or chromatin structure, spreads along the DNA in a linear fashion until
it encounters an activateable gene (Tuan ¢t ai.,, 1992; Herendeen, 1992). Another version of
the tracking modet envisages that the LCR or more specifically, HS2 might function as an
entry site for polymerases, which again would traverse the DNA in a linear fashion, to activate
the first gene encountered (Kong et al., 1997.) This scanning model explains the polar
competition, observed for the genes in the globin locus. The blocking or attenuation of such a
“transcription activation machinery” complex by the first gene that it encounters results in an

advantage of an LCR-proximal gene over a more distally located gene,

Random activation model
The random activation model suggests that the -globin locus is in an activateable chromatin

environment in a red blood cell. The individual genes are activated at random, facilitated by
stage-specific transcription factors that can access the different genes (Martin et al,, 1996). A
change in the transcription factor environment together with the presence of gene-specific
silencers/repressors would result in a progressive increase in adult B-transcription. To explain
the polar competition evident in the globin locus an additional aspect in this model involves
transcriptional interference. This is thought to cause the disadvantage of a distal gene over a
more proximal gene. The mechanism of such interference is unknown, but may involve
transmission  of topological change, downstream of a transeription complex, or

compartmentalisation within the nucleus.

Looping model
The suggestion of the looping model (Hanscombe et al, 1991) was based on the work of
Ptashne (1986), who showed that looping can occur over small distances in a prokaryotic

'® This transcription machinery could be envisioned as a polymerase complex either in association with
the LCR or on its own which tracks along the DINA in an unidirectional fashion.
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system and also on the work of the chicken B-globin enhancer (Choi and Engel, 1988). The
model proposes that the LCR forms dynamic, direct chromatin interactions with regulatory
elements of a single gene looping out the intervening DNA, thus activating that particular gene.
This model explains the observed polar competition within the f-globin locus; 2 gene located
closer to the LCR has a higher chance of interaction with the LCR then a gene located further
away (Hanscombe et al,, 1991; Dillon et al,, 1997). The model implies that there are two
important parameters in the activation of the different human p-globin genes: the frequency of
interaction between the LCR and & gene and the time that this interaction lasts (i.e, the stability

of the interaction).

LOOPING SCANNING
LCR = >
o ——
RANDOM
ACTIVATION

Transcription Factor
Access

LCR

Transcriptional interference

Figure 9. Models that have been proposed (o explain LCR-mediated transcriptional activation of the
human §-globin genes during developmen,
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Primary transeript in sifu hybridisation,

Previously it was shown by immunofluorescence, using antibodies that detect the different
polypeptides, that the y and B-genes are co-expressed in 16 day fetal liver cells (Fraser et al,,
1993). This clearly showed that mouse erythrocyles are capable of expressing two genes of
the same multi-gene locus. From these experiments it was not clear whether the LCR was
committed in activating only one gene on the same chromosome or whether it could activate
all developmentally appropriate genes. The first experiment to address this question took
advantage of the fact that transcriptionally active genes have a chromatin conformation that is
sensitive to nuclease digestion and restriction enzyme activity (Bresnick and Felsenfeld, 1994).
It was shown that K562 cells (cells that express the y genes) indeed gave a clear restriction
fragment upon Apa I digestion as opposed to HeLa cells in which globin genes are not
expressed. This result led the authors to conclude that the LCR was capable of sharing its
activity among genes of the same locus. However, there is no evidence to suggest that
hypersensitivilty is a valid argument for actual gene transcription; in particular since
hypersensitivity can be present prior to transcription (Blom van Assendelft et al, 1989;
Iimenez et al, 1992). More informative results were obtained with experiments using
fluorescent in situ hybridisation to detect primary transcripts of the individual globin genes
{Wijgerde et al., 1995), Oligonucleotides (oligos) were designed to hybridise to the intron
sequences of the nascent transcripts coming from a specific globin gene, allowing the detection
of active globin transcription within a single red cell.

Fetal liver cells of a homozygous transgenic mouse containing a single copy of the human [3-
globin locus (Strouboulis et al, 1992a) were analysed using the primary transcript in situ
hybridisation technique. It was shown that upon hybridisation with oligos specific for the y and
B primary transcripts, every possible combination of transcriptional foci was observed in
erythrocytes (Wijgerde et al., 1995), i.e. one nucleus would show two [3-gene spots, another
would show a yand a 3 spot on the different chromosomes and yet another one would show a
B signal and a vy and [ signal (double signal.) on the other chromosome Quantitation of the
different combinations of transcription foci in 12.5 day fetal liver celis showed that
approximately 85% of the foci were single signals with a y versus [ ratio of 8:2, This was the
first indication that the LCR most likely activates only one gene at any time, reasoning that if
the LCR would be capable to activate more than one gene at a time we would expect to see a
much higher percentage of doubie signals on one chromosome, than the 15% observed. The
question remained as to whether one locus first transcribes the y-gene and subsequently (later
in differentiation) switches to activate the (3-gene or whether this activation of the individual

genes was a more dynamic process (almost all 16 day fetal liver celis have v and f§ proteins,
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Fraser et al,, 1993} in which the different genes can be activated randomly. The answer to this
question came from an expertiment in which fetal liver cells were hybridised with oligos
specific for y and B primary transcripts and in addition oligos that hybridised to the § mRNA
(exon-specific oligos}. The authors showed that a subset of cells showed transcription of the vy
gene in a cell that previously had been transcribing the B-gene, as indicated by a halo of §§
mRNA in the cytoplasm (Wijgerde et al., [995). This resuit suggested that the activation of
the human B-globin genes along the locus is not by gradual progression whereby the most 5’
gene is activated first, followed by the activation of the more 3’ located genes, The results
argued that the activation of individual 3-globin genes is a dynamic process in which the genes

can be alternately activated,
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Summary

Locus control regiens {LCRs) are responsible for ini-
tiating and malntalning a stable tissue-specific open
chromatin structure of a focus, In transgenic mice,
LCRs confer high level expression on linked genes
independent of position in the mouse genome. Here
we show that an incomplete LCR loses this property
when Integrated into heterochromatic reglens. Two
disruption mechanisms were ebserved. One is classi-
cal position-effect variegation, resulting in continuous
transeription in a clonal subpopulation of celis. The
olher is a novel mechanism resulting In intermittent
gene transeription in all cells, We conclude that onfy
a complete LCR fully overcomes heterochromatin si-
lencing and that it controls the level of transcription
by ensuring activity in all cells at all {imes rather than
directly controlling the rate of transcription.

introduction

Nuclear processes such as transcription, replication,
and recombination can be affected by chromatin struc-
ture (e.g., Pillus and Grunsiein, 1995). The genome can
be roughly divided in twe major chromatin states based
on cytological observation (Heintz, 1928; Eissenberg st
al,, 1995). Euchromatin appears decondensed fn in-
terphase, whereas heterochromatinis highly condensed
throughout the cell cycle, Euchromatic regions that con-
tain most of the genes and unique sequences replicate
early in 8 phase. Heterochromatin replicates late in S
phase {Holmqulst, 1887) and contains middle and highly
repetitive sequences {John and Mikles, 1979). The
largest regicns of heterochromatin appear near the cen-
tromeres and in the inactivated X chromosome. Studies
in Drosophila and yeast have shown that heterochroma-
tin can have effects on juxtaposed euchromatic regions,
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IPresent address: Departmant of Microbiology and Bicchemistry,
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suggesting that chromatin condensation can spread
from heterochromatin into regions of euchromatin (Wil-
son et al., 1920}, Stochastic heterochromatinization of
juxtaposed euchromatic reglons, which results In stably
inherited gene silencing in a clonal subpopulation of

" cells, is known as position-effect varlegation (PEV; for

roview see Karpen, 1994}, Evidence that PEV indeed
results from heterochromatinization has come from ge-
nelic studies of specific genes thal encode proteins
involved in heferochromatin fermation and have been
shown to enhance or suppress these position effects
{Pirrolta, 1995; Orlando and Paro, 1995). Although the
dynamics of formation of the open and closed states of
a locus are stifl obscure, it is clear that some genomic
elements and nuclear factors caninfluence the chroma-
tin configuration. In mammals, position effects that re-
sult in the stable silencing of genes in a clonal subpopu-
lation of cells have also been observed (Elliot et al,
1995; Festenstein et al., 1996).

Another type of position effect frequentiy observedin
transgenic experiments is thought to be due to the ac-
tion of regulatory elements at the site of integration. This
can result in both positive and negalive effects on the
transgene. Alternatively, the regulatory elements on the
transgenic construct may interact with a gene located
at the site of integration and result in a lower levetl of
transgene expression (see Milot et al., 1996). Thesenon-
PEV effects result in a change in the level of exprassion
in all of the expressing cells.

An increasing number of gene loci and gene clusters
have been shown to contain ¢fs elements known as
iocus control regions [LCRs), which are thought {o be
responsible for initiating or maintaining (or both} a cell
type-specific open chromatin structure within a speci-
fied domain, The most thoroughly characterized LCR is
that of the human B-globin locus (Grosveld et al,, 1993).
It consists of a series of five DNase | hypersensitive
site {H3) regions located upstream of the globin cluster
{Figure 1) each containing a number of binding sites for
ubigquitous and enythroid-specific DNA-binding factors.
Expression of 3-globin transgenes without an LCR were
found to be low, variable, and dependent on tha position
of integration in the host genome. Inclusion of LCR se-
qguencesin B-globin transgene constructs led to reliable,
high level, copy number-dependent expression frme-
spective of position in the host genome {Grosveld ot al.,
1987). This isinagreement with the study of patients with
deletions of the LCRH. The globin genes in the otherwise
normal locus were found to be insensitive to DNase |,
transcriptionally inactive (Kioussis et al,, 1983; Forrester
et al,, 1990}, and replicated late in S phase {Aladjem et
al., 1995),

The human g-globin ECRis thought to overcome posi-
tion effects through a dominant positive activity rather
than through an insulater function {Schedl and Grosveld,
1995}, Recent studies demonstrate that the individual
globin genes compete for LCR {unction and that the
LCR activates only one gene at a time (Wijgerde et al,,
1995}, probably through direct interaction between the
LCR and the gene via DNA looping {Dillon et at., submit-
ted), These results suggested that the refative levels of
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Figure 1. Construciion of 70 kb Glabin Logus
LCR Deletion Mutants
A The top line shows the 70 kb human globin
locus construct. The individual HS reglons
of tha LCR {6°HS:1-%) are designated with
arrews and tha globin genes with boxes, The
two cosmids {cos LCR « and cos yy58; Strou-

_L__. _L__. paHS4
_;_L__. ——paHS3

gene expression in an active locus is {at least in par)
determinad by the duration of the interaction of the LCR
with each of the genes. In this paper, we report the
resulls obtained with transgenic mice containing the
entire globin locus with LCR HS deletions. The results
show that deletion of an individual HS from the LCR
leads to severely reduced expression of the glohin
genes in some mouse lines. In situ hybridization analysis
reveals that this loss of position independence Is caused
by integration at or near the centromere, resulting in
pancellular and heterocellular position effects. We con-
clude that the LGCR must be complete to overcome het-
erochromatin silencling and that it does so by ensuring
that the locus is active all of the time in all of the {red)
calls.

Results

Generation of LCR Deletion Transgenic Mlce
The preparation of 70 kb LCR deletion DNA fragments
for microinjection was carmried out according to the cos-
mid finking method of Strouboulls et al. (1992a, 1992b).
Four different tocus constructs were produced with
small deletions of HS:1, HS:2, HS:3, or HS:4 {Figure 1).
The constructs were microinjected into the pronuclei of
ferlilized mouse egys o produce iransgenlc founder
mice. Tail DNA from founder mice was analyzed on
Southern blots by prebing with the entire 70 kb locus
construct ([data not shown). Those founder mice, which
contalned all of the EcoRi fragments characteristic of
the entire locus, were sefected for further breeding, Fi
and F2 mice were simitarly analyzed, and, in addition,
end fragment, Junction fragment, and intemnal probes
were used to verify the structure and estimate the copy
number. Fransgenic line 72 was used as the control,
This fine contains a single copy of the human globin
locus and expresses lhe human B-globin transgene at
a level similar to that of the endogenous mouse globin
genes {Strouboulis et al,, 1892a). The mouse Thy-1 gene
was used as an internal toading control. Gopy numbers
ranged from 1 to approximately 12 copies.

Woe prepared RNA from F2 transgenic 10.5 day whole
embryos, 12,6, 14.5, and 16.5 day fetal livers, and adult
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boulis et al., 1992a, 1992b) used to create
the 70 kb construct are shown, as are the
positions of restriction sites used to make the
LCA plasmid subclenes shown at the bottom.
individual HS deletions were creafed in lhe
plasmids pHS:3-5 and pHES:1-2 using ke re-
sieiction sites shown, Individual HS deletion
plasmids were incorporated Into cos LCR ¢,
which was then linked to cos 38 lo create
the injeclion constructs as described by
Sirouboulis el al. {1992b). Reslrictlon sites
are as follows: N, Notf; M, Mlul; G, Cla); P,
pAHST Prtl; S, Saul; A, Apall; Sn, SnaBI; Ho, Hpal;
$p, Spsl.

blood and determined the level of mMRNA by S1 nuclease
protection assays. Each sample was assayed with the
same mixture of six probes tor mouse, ey, Bhi, B-majer,
and human, ¢, v, and § {see Experimental Procedures).
St analyses are shown in Figure 2 for one transgenic
line from each construct as well as transgenic line 72,
which contains tha full locus as a single integrated copy.
The intensity of each S1 protected band was corected
for probe-specific activity and copy number and Is pre-
sented inFigure 3 as a percentage of endogenous gtobin
gene expression,

HS Deletions Affect Globin Gene Expression

The two HS:1 deletion lines (A A, contalning 1 copy of
tha human locus, and A1B, containing 2 coples) show
widely varying levels of expression of the globln genes
percopy, Indicating a loss of copy number dependence.
A1A globin gene expression is very low, ranging from
2%~10% per copy, whereas A1B expresses near normat
levels when compared with line 72 {Figures 2 and 3).
These results indicate that deletion of HS:1 may result
in expression that is sensilive to the paosition of Integra-
tion in the mousae genome. A1B shows the level of ex-
pression that would be expected on the basis of the
previous data obtained for HS:1. HS:1 itself is known to
have very little if any transcriptional aclivity (Collis et al,,
1990; Fraser ef al,, 1990}, and a patient with a daletion
of HS8:1 from the LCR has normal levels of B-globin
expression (Kulozik et al,, 1991}. More interesting is the
result obtained for the A1A line, which suggests that
5'HS:1 is nevertheless an essential component of the
LCR to provide position-independent expression of the
globin locus when taken out of the context of its normat
chramosomal position (see below).

Based on previous data with the individual HS:2 (Tal-
bot et al.,, 1989, 1990; Curtin et al., 1989; Ryan et al,,
1989; Fraser et al,, 1990, 1993; Morfey et al., 1992} and
the delotion of the mouse B-major globin HS:2 by homol-
ogous recombination (Fiering et al., 1995}, we expected
that the deletion of HS:2 would result in a mifd (20%-
30%) reduction In transcription of the genes in the tocus.
However, the four lines containing the HS:2 deletion
consteuct (A2A, 8 coples; A2B, 3 coples; A2C, 1 copy;
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Figure 2. St Nucleass Proteclion Assays

51 nuclease prolection assays are shown for one transgenlo line for each of the deletion constructs (A1A, 1 copy; A2A, B woples; A3A, 4
coples; AdA, 1 copy) used and line 72 (1 copy). RNA was prepared from transgenic 10 day whole embryos, 12, 14, and 16 day fetal Evers,
and adult blood as described in Experimental Procedures. Two samples for each timepoint except adult blood are shown. All samples were
assayed with the same mixture of six radiolabeled probes for mouse ey, fHT, and p-malor and human e, v, and B; the ratio of probe-specific
aclivities was 0.8:0.8:0.8:3.3:1:1, respectively. The position of the protected fragments for each probe are indicated.

and A2D, 1 copy) show varying levels of expression per the A2C lina is detectable only in the adult, where human
capy, indicating a loss of copy number dependence and B-globin expression is approximately 6% of the mouse
hence position dependence (Figures 2 and 3). The most B-major globin. The other two 42 lines {42A and A2B}
striking examplés of position sensitivity of the A2 lines show a reduction in expression of all the human glebin
are A2C and 42D because they show a different effect genes at all stages. Hence, HS:2 also appears to be
for different genes in the focus. A2D shows appreciable crucial for the function of the LCR when integrated at
fevels of y-globin expression in the embryonic period, another position in the genome (see below).
but very low levels of human B-globin in the fetal liver The transgenic mice containing the HS:3 deletion con-
and adult stages. In contrast, transgens expresslon [n struct {A3A, 4 coples; A3B, 4 coples; A3C, 3 coples; and
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Figure 3. Quantilation of St Assays for Al Transgenic Lines

$1 assays were quantitated by phosphorimage analysis and corrected for probe-specific activity and copy number of the transgenic line.
Copy numbers are indicated in parentheses. The values shown are the per copy levels of expression of lhe human genes as a ralio of the
endogenous mouse globin genes (human gene/copy number/fey + gH + B-major]).
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A3D, 12 copies) were expected to show at least the
same or greater reduction in expression, In particular of
the embryonic and fetal genes {Fraser et al., 1990, 1993;
Philipsen et al., 1990, 1993; Hug et al.,, 1996). Indeed,
the results show a general reduction In expression of
all the human genes, but also a fack of copy number
dependence {Figures 2 and 3). A3C in particular s ex-
pressing at less than half the fevel per copy of the other
A3 lines, This suggests that deletion of HS:3 from the
LCR also causes susceptibility to position effects {see
below).

Three lines contain the HS:4 delstion construct (AdA,
A4B, and A4C) with copy numbers of 1, 2, and 3, respec-
tively. These lines appear to express the globin genes
In a position-independent and copy number-dependent
manner, as the level of expression per copy is similar
to line 72,

Chromosomal Position of Transgenes
The resuils of the S1 analysis showed that the LCR
deletion transgenic lines express the human globin
genes at lower levels than expected. In addition, the
levels of expression do nof correlate with the number
of coples integrated in the mouse genome. In particular,
transgenic lines A1A, A2B, A2C, A2D, and A3C show
extremsly low levels of expression per copy when com-
pared with line 72 or the other deletion Jines. Studies in
Drosophila and yeast have shown that chromosomal
position can Influence gene expression. To determine
whether reduced gene oxpression in these mice can be
correlated with chromosomal position, we performed
fluorescence in situ hybridization (FISH} analysis on
metaphase chromosomes from ten LCR deletion trans-
genic lines {lines A1B and 42D were lost before FISH
analysis; A30D was not done}, All four of the very low
expressing lines {(A1A, A2B, A2G, and A3G; Figure 3)
wera integrated at or near the centromere {Figure 4A}.
This suggests that pericentromeric integration of an in-
complete LCR construct results in severely reduced
gene exprassion. Such a position effect may be caused
by haterochromatin spreading as is thought to occur in
PEV. Since FISH on metaphase chromosomes is a crude
mathod for determining the precise chromosomal loca-
fion of a transgene, we refined these results by using a
second probe for the mouse «-satellite repeat (Figure
4B}, which Is located primarily in centromeres. Alf four
lines A1A, A2B, A2C, and 43C are integrated very close
{0 or contacting the «-satellite DNA, whereas the naxt
closest integrant (A2A) is clearly separate (Figure 4B).
The accumulated data from a number of laboratories
present a large number of complete LCR transgenles
that exprass thelr linked transgenes in a copy number=
dependent, position-independent manner, suggesting
that the full LCR Is able to overcome centromeric posi-
tion effects. This would not be expected on a statistical
basls if centrameric sifencing of the complete LCR were
to oceur, However, the chromosomal position of fultLCR
transgenic lines had not previously been reported, and
hence we analyzed the chromosomal position of the
eight full LCR transgenic lines available in our laboratory
(Strouboulls et al., 1992a; Dillon et al,, submitted; J.
Gribnau et al,, unpublished data). All were integrated in
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noncentromeric locations with the exception of line 2
{Strouboulls et al., 1992a}, which is integrated close to
a centromere (Figures 4A and 4B). This line, which con-
fains a single copy of the 70 kb locus, expresses the
human globin genes normafly,

in Situ mRANA Analysis

In view of the well-characterized PEV observed in Dro-
sophila and yeast, we next addressed the question of
whether the position effect we observed in the LCR
deletion lines was due to a reduction of the number of
cells that express the transgene (as expected for PEV)
or whether the expression leve! in each cell had been
affected. Yo this end, in situ hybridization and indirect
immunofiucrescence were performed on disrupted fetal
fiver cells from the four posiltion-effect lines as well as on
other LCR-deletion and complete LCR lines with specific
probes for human and mouse p-globin mRNA. The re-
sults show that in all lines tested, with the exception of
A2B and A2C (Figure 5), the human transgene is ex-
pressed in all erythroid cells, since every cell that con-
tains mouse B-major globin mRNA also contains human
B-globin mRNA (Figure 5). In the two position-effect LCR
deletion lines, A28 and A2C, the transgene shows varie-
gated expression patterns, as human B-globin mRNA Is
present In enly 25% and 4% of the cells, respeclively,
of every erythroid fetal liver examined. In situ hybridiza-
tion of individual colonies from methyl cellulose cultures
of line A2B fetal liver cells indicales that expression
status is clonally inheriled (dala not shown), We con-
clude that the reduced level of transgene expression
seen In these two lines results from clonally inherited
PEV caused by centromeric heterochromatinization.

DNase | and Restriction Enzyme Sensitivity

Since the FISH and in situ mRNA analyses revealed
that A2B and A2C were In helerochrematic regions and
subject to PEV, whereas all other lines expressed the
genes in all erythrold cells, it could be expected that
a difference in DNase | sensitivity would be observed
between the different lines. Expression of the locus in
erythroid cells normally correlates with the presence of
DNase ! HS in the LCR and an HS in the premoter of
the p-globin gene (Tuan et al., 1885; Forrester et al,,
1987; Grosveld et al., 1987). We therefore tested for the
presence of the erythroid-specific HS:5 (Zafarana et al.,
1995} in the LCR (present In all constructs) and the HS
found in the promoter of the B-globin gene using the
mouse (-major gene promoter as a control {Table 1).
Only fines A2B and A2C {the PEV lines) showed severely
reduced or an absence of sensitivity, whereas all other
lines, including AMA and A3C {severe PE), showed the
LCR and promoter siles. We also assayed restriction
enzyme sensitivity using Apal.l digestion In isolated nu-
clet from lines ATA and A2B and line 72. Apall cuts at
+50 in exon 1 of the human B-globin gene. As expecled
from the DNase | resulls, Apall sensitivity in line 72 and
A1A appeared slmilar, with approximately 60% di-
gested, whereas the PEV line A2B showed a reduction
In ApaLl sensitivity, wilh fess than 20% digested {data
not shown), These resulls suggest that the position ei-
fect observed in A2B and A2C is indeed caused by a
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closed chromatin conformation such as seen fn hetero-
chromatin, but they do not give an Indication about the
nature of the position effect observed In A1A and A3C.

In Situ Primary Transcript Analysis

Similar o the full LCR line 72, the two low expressing
pericentromeric lines A1A and A3C express the human
tfransgene in all erythroid cells. We decided to investi-
gate the reduced expression levels of these two lines
further by comparing the transcriptional status from sev-
eral lines. We performed primary transcyipt in situ hy-
bridizations with gens-specific Intron probes for human
B-glebin and mouse B-major globin in 13.5 day fetal liver

Eigure 4. FISH Analysis of Transgenic Lines
{A) Left panels {red} show the human g-globin
transgene locus datected by In situ hybridiza-
tion of metaphase chromosomes of adutt
bone mamow cells with the comgplele insert
as a probe {see Experimental Procedures).
Right panels show DAPE staining {blue); cen-
tromeres correspond to the light Blue areas.
Transgenic line numbiers are indicated on top
of each sample.

{B) Double-label FISH of bone mamow meta-
phase chremosomes frem the pericentrom-
eric §ines using probes for the human globin
focus {green) and mouss o-satellite DNA
{red},

cells (Wijgerde et al., 1995). Lines ATA and A3C have
significantly lower percentages (25% and 75%, respec-
tively} of erythrold cells with human B-glebin primary
transcript signals (Figure 6; Table 2). The fact that all
erylhroid celisin these lines have human g-globln mRNA
in their cytoplasm {Figure 5} demonstrates that the
transgenes are active in each cell. The low percentage
of iranscriptionally aclive cells Indlcates that each
transgene is transcribed for only a fraction of the normal
fime.

As expected, the PEV line A2B had human primary
transcript signals In only 25% of erythroid fetalliver cells
{Table 2), consistent with the percentage of erythrold
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A2-B

A2-C
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line 72

Figure 5, mRNA In Sity Hybridization

Left panels (green} show the In situ hybridization of 13.5 day fetal
liver cells using a mouse B-major mRNA digoxigenin-fabeled oligo-
nucleotide from the third exon as the probe (Wijgerde et al., 1995).
Middla panels show defectionin the sams ¢ells of a deoxyribonucle-
opratein {DNP)-labeled human B-globin third exon oligenucleotide
probe (Wijgerde et al,, 1995). Right panels show the overiay of the
two images. Transgenic mouse line numbers are shown on thae feft,

cells that contained human f-globin mRNA (Figure 5).
The full LCR control line 72 had B gene transcription
signals in 87% of the erythroid cells as expected {10%~
156% of loci transcribe the y- or 5-globin genes at this
stage {M. W. et al., unpublished data]}, The highly ex-
pressing LCR deletion linas {AdA, A4B, and A4C) had
positive transgene transcription signals in a high per-
centage of erythroid cells (Table 2}, In the single-copy
line AdA, the percentage of cells positive for p-globin
transcription is similar to the singfe-copy line 72. The
percentages approach 100% in the mullicopy A4 lines
{A48 and A4C) as expected, suggesting that the 3-globin
loci In these lines are continually active. Of polential
stgnificance is the fact that the multicopy lines A2A and
A3B do not appreach 100%, as would be expected if
they were transcribing normally as in the A4 lines, This
result suggests that they too may be transcribed for
only part of the lime.

Stochastic versus Timing Phenomenon

in an attempt to characterize further the novel position
effect observed in AfA and A3C, we bred the PEV line
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Table 1. DNase | Sensitivity
Transgenlc Human LCR  Human B-Globin  Mouse B-Major

Line HS:5 Promoter Globin Premoter
Line 72¢ + + +
ATA® + + +
AZA + + +
Azpne - - +
azgas - - +
A3B + + +
A3CY + + +
K¥T: + + +
AMC + + +

TFhe DNase | hypersensitivity analysls was caried out on isolated
nuclel from 13.5 day fetal liver cells. The presence or absence of
L£CA HS:5 or the HS in the human or mouse p-globin prometers is
Indicated by a plus or minus sign. The feft column shows the
transgenle mouse line numter. The probes used are descibed In
Experimental Procedures.

* Complete LCR.

* Pericentromeric location,

¢ PEV dines.

A2B and the timing effect line A1A to homozygosity.
These two lines were chosen because the percentage
of erythroid cells that had human gltobin transeription
foci were the same in both lines (25%). If transgene
actlivation is random, as Is expected for PEV (Eiliot et
al., 1985), and the individual loci in a homozygous cell
are stochastically activated or silenced, then the number
of transcriptionally positive erythrold cells should in-
crease from 25% to 44%. Most of these cells should
have only one active focus and approximately 6% should
have both transgene loct active. Transcription was ana-
lyzed via primary Wranscript in situ hybridizations for
human and mouse B-globlin. As expected for the PEV
line (428}, the percentage of transgeng-expressing celis
increased significantly in the homozygous fetal liver,
from 25% 1o 43%. Most of these cells (74%)} had only one
chromosome actively transeribing the human genes. A
quarter of these cells {26%) showed active transcription
originating from both transgene chromosomes, These
resulls are what would be expected from a stochastic
activation of the globin transgene. In contrast, the per-
centage of Wranscription-positive celis in the A1A line
did not increase significantly fn the homozygotes {35%-
31%), and surprisingly 80% of these cells show active
transcription from both transgene loci, This result is the
complete opposite of the PEV result. Therefore, focus
activation in A1A appears to be a cellutar timing phe-
nomenon, since both chromosomes are activated simul-
taneously in a single cell and not stochastically at the
level of the individual locus as in PEV, These resulls
suggest that differentiation stage or cell cycla phase
may be important In controlling heterochromatin-medi-
ated silencing of the A1A transgene.

Discussion

We have analyzed the developmental expression pat-
tern of the 70 kb human B-globin locus constructs in
transgenlc mice after deletion of Individual HS from the
L.CR. Of 13 transgenic lines presented, at least 5 exhibit
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extremely fow levels of expression per copy. Thls dem-
onstrates that deletion of a single HS can resultin foss of
position independence and copy number dependence,
which are the major distinguishing features in the func-
tienal definition of an LCR {Grosveld et al.,, 1987), and
suggests that expression of these transgenes is being
influenced by the chromatin environment of the integra-
fion locus. The exceptions to this loss of function are
the HS:4 deletion lines, which appear to show copy
number-dependent and position-independent expres-
sion. However, with only three lines, it Is possible that
the transgenes in lhese mice have forluitously landed
in favorable chromosomal environments, and as a resuit
the expression palterns observed appear position in-
sensitive (Figure 4). However, others have shown that
deletion of HS:4 from the locus can also result in loss
of function {Bungen et al,, 1995),

FISH analysis revealed that the transgenes in the low-
est expressing lines were Integrated at or near the
centromere in each case. This type of pariceniromeric
localization of genes has been shown to lead to hetero-
chromatin-Induced silencing in Drosophila and yeast
and, more recently, in mammals in the case of the CD2
LCR (Festenstein et al., 1996}, We show through in situ
analyses that reduced expression of pericentromeric
transgenes ¢an he accomplished by at least two func-
tionally distinct mechanisms. The first Is PEV, which
results in a clonal subpopulation of erythroid cells that
express the human globin genes. As a consequence,

Yable 2, Percentage of Erythrold Cells Positive for Human
Globin Transcifption Focl

Transgenlc Copy Human B Foci
Hne Number Mouse B Focl %100
Lina 72 1 a7

A1AE 1 25

A2A 8 8%

A2B» 3 25

A3B 4 83

AJCE 3 Ki:]

AdA 1 13

448 2 a7

A4C 3 95

Transcriplion foci were detected for mouse and human g-globin
genes in heterozygous 13.5 day fetal tiver cells as in Figure 6. The
percentage of erythroid cells (Le., cells positive for f-major tran-
scription) that show transcription foci for the human f-globin gene
are shown for various fransgenlo lines.

* Complete LCR,

* Pericentromeric location.

¢ PEV line.

line72

Figure 6. Primary Transcript In Situ Hybrid-
ization Analysls

In situ hybridization with gena-speciic intron
prabes as described by Wijgerda et af. {1995).
Red focl represent mouse B-major globin pr-
mary lranscript (DNP labeled); green focirep-
resent human g-globin primary transcript {di-
goxigealn), Transgenlc mouse line numbers.
are Indicated at the fop.

the levels of mANA, DNase sensitivity, and restriction
enzyme sensitivity have been severely decreased in the
total population of cells, The second type of position
effect exhibits low levels of transgene expression in all
erythrold cells as evidenced by the §1 and mRNA in situ
analysis, However, this low leve! of expression appears
not to be caused by a general decrease in the rate of
transcription of the individual genes. Rather, precursor
RNA analysis reveals that only a fraction of the erythroid
cells are transcribing the transgene at any moment, sug-
gesting that low expression in these lines is caused by
a decrease in the amount of fime that the transgene
is transcriptionally active in a particular cell, DNase |
hypersensitivity and restriction enzyme sensitivity are
malntained in these lines, suggesting that this position
effectls caused by a chromatin conformation that differs
from PEV. This result also suggests that DNase | hyper-
senshHivily is not proportionally linked to transcription.
Analysis of homozygous animals confirms that tran-
scriptional activation is a cell-timing phenomenon and
is not stochastic as in PEV. This presents two Intrigulng
possibitities. First, we may be observing a window of
reorganization of the genome during the cell cycle, Thus,
the transgenes may be switching on briefly after distup-
tion of higher order structure and then off again as hel-
erochromatin spreads into the locus, or vice versa. Sec-
ond, the iransgene locus may be silenced prior fo
terminal differentiation of the red cells, which could ac-
count for the difference in transcriptional frequency ob-
served between the lransgene and endogenous locl,

The cell-timing effect may also be seen to a lesser
extent in the noncentromeric LCR deletion transgenes
(A2A [8 copies} and A3B [4 copies)). For example, tran-
scription in situ analysis of line A3B shows that even
though this line contalns 4 coples of the transgenic lo-
cus, the percentage of erythrold cells that are transcrip-
tionally positive for human B-globinis slightly fower than
the single-copy full LCR line 72, This suggests that the
LCR of each locus in these multicopy deletion lines
spends a considerable amount of ime uncoupled from
the genes, The length of time that the LCR remains
uncoupled appears to be exaggerated in the pericen-
tromeric lines, which suggests that heterochromatin for-
mation is somehow interfering with LCR activation, lead-
ing 1o the severe reduction In expression. Clearly this
process is very different from PEV,

The resulis to date have shown that the Individua! HS
of the LCH appear additive, as most or all were neces-
sary for full expression (see Grosveld et al., 1993). The
data presented here suggeslt that this additive effect is
not accomplished through an increase in the density of
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polymerases on an individual gene, but {at least in pari)
through an increase in the stability of the LCR-gene
complex leading to Increased frequency and duration
of transcription periods. These results may seem to be
In contradiction with the recently published analysis of
deletions of the mouse -major globin H5:2 and HS:3
in their native positions in the mouse genome {Fiering
of al,, 1995; Hug et al., 1896}, both of which result in a
30% reduction in the expression of the mouse adult
genes only. Those éxperiments cannot measure position
Independence, since the mouse B-globin locus Is main-
tained at its original position in the genome. Our obser-
vations suggest thal the reduced expression seen in
those knockouwt lines may be caused by a decrease
In the stability of the LCR-gene compfex leading to a
reduction In frequency or duralion of transcription, In
this respect, it Is worth noting that the individual dele-
tions have essentially the same effect and that the effect
is greatest on the most distal genes,

The constructs described here are subject to aninher-
ant selection since the constructs are capable of very
high levels of expression. As a result, the integration
of mulliple coples in areas of the genome that permit
expressionislethal (Hanscombe et al., 1989). Thus, there
is a bias toward survival of transgenic lines in which
infegration occurs in areas of the genome that reduce
the level of expressicen. This Is supported by the Inhierent
ditficulty in obtaining mouse lines that contain intact
multiple coples of the complete locus {see alse Strou-
boulis et al.,, 1992a; Dillon et al,, submitted) and may
explain why a higher than expected number of our lines
have insertions in or near the centromere,

The results have important implications for the pro-
posad mechanisms of LCR activation of gene expres-
slon, We have previously proposed that the different HS
regions of the LCR may act together as a single func-
tional unit that interacts with a single gene in the locus
at any given time. This may be through formation of a
heleecomplex in which the individual HS must first inter-
act among themselves o form a larger complex, which
becomes the limiting element in gene competition.
Clearly, deletion of one of the HS from the LCR results
in position sensitivity and loss of copy number depen-
dence, which suggests that the deletions may disrupt
the normal interactions between the HS and the genes
or formation of a holocomplex. This disruption appears
to prevent the normal dominant positive effect of the
LCRH from overcoming negative effects that are thought
te occur in heterochromatic regions of the genome.

Hernce, we suggest that initiation of transcription from
a competent gene in the "open” chromatin domain of
the globin locus originates only through direct complex
formation with the LCR and maintenance of that tran-
scription requires continued association (see also Wij-
gerde et al., 1995), Deletions that decrease the stability
of LCR-gene interactions decrease the frequency or
shorten the duration {or both) of such associations,
thereby reducing the transcriptional output from a given
gene by decreasing the period of activity. This etfect is
most obvious in heterochromatic regions of the genome
where the LCR spends a significant amount of time
uncoupled {i.e., not aclivating any globin gene). There-
fore, the complete LCR determines the level of gene
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exprassion by determining the frequency and the dura-
tion of transcription periods, rather than only controlling
the rate of transcription,

Experimental Procedures

Construetion of Human B-Globln Locus LCR

Deletion Conslructs

The human @-globin LCR was subcloned in two pards in pBR322,
HS:4 was remaved from lhe plasmid contalrlag the 5° half of the
LCR by deletion of an 875 tp Pm1l fragment that Included the enlire
HS:4 core fragment as defined by Pruzina et a!., {1991) to give plasmid
AHS:4. HB:3 was defeled by remaval of a 1.38 kb Sau! fragment
that includes the HS:3 core as defined by Phitipsen et a. {1990) {0
give plasmid AHS:3. The HS:2 cere {Talbot et all, 1990) was remeved
by deletion of a 742 bp Apall-Snafit fragment Lo give plasmid AHS:2.
The AHE:1 plasmld was created by defelion of a 1.7 kb Hgal-Spel
fragment that includes 913 bp from the 1.02 kb HS:T fragment used
by Taibot et al. {1989). The four 70 kb LCR deletion constructs were
prepared by incorporating 1he deletion plasmids into cosmid {cos}
LCR ¢, which was linked 1o the 3' cosmid {cos yy88) and purified
for microlnjection as described by Strouboulis et al. {1992).

Transgenic Mice

Furified fragments were microinjected into the pronuclel of FVB
tertiized mouse eggs and transfermed Into the ovidusts of pseudo-
pregrant {CAB x C5781) Fi female mice. Transgenic founders were
Identified via Southern blotting of tail DNA. Transgenic DNA was
prebed with the 70 kb Injection fragment on Soulhern blots. Fhose
that contalned a4 the EcoRl fragments characteristic of the enlire
lecus were selected for further breeding and analysis. Copy numbers
were delermined by quantitation of Scuthem blets via phosphodm-
age analysis. End fragment, junction fragment, and internal probes
were used fo datermine the copy numbers and verify the structure
of the ransgenes,

Preparation of RNA and $1 Nuclease Prolection Assays

RMA was prepared from whols, frozen, transgenic 10.5 day embryos
and feta! livers from 12.5, 14.5, and 16.5 day and adult blood and
subjected to 51 nuclease protection assays as previously described
{Fraser et al., 1990). The probes used were those descrived by
Lindenbaum and Grosveld (1990) with the exception of the human
+¥-globlin probe. The human +-glebin probe was a 315 bp Avall frag-
ment laken from a plasmid containing the human A v-globin cDNA
ligated {o the human A -globln &' flanking region. Huran y-globin
RMA protects a 185 bp fragment of this probe from S1 ruclease
cleavage. Protected bands on the St gels were quantitated via
phasphorimage analysis {Molecular Dynamics),

DNA FESH Analysls

Extracted bone mamows were cultivated far 24 hr in RPM) 1640
medium (GIBCO BRL}. Chramosome preparalions were made ac-
cording to standard procedures, FISH was carried out as described
by Mulder et al, {1995}, The probes used wera the finked human
(-glebin locus (70 kb fragment) or a mouse minor satellite dimer
{gift of A. Mitcheli), The probes were labsled with blotia and digoxy-
genin and immuncchemically detected with fluorescein or Texas
red. The DNA was counterstained with DAPI.

HS Assay

Yen transgenic fetal livers {13.5 days) for each ling were trealed
as described by Fomester et al. (169C). Suspension of nuclef was
performed by 20 strokes of a Dounce pestle {type B) and 100 mf
aliquots were digested for 3 min at 37°C with an increasing amount
of ONase 1. Beactions were stopped and treated with protelnase K
and extracied with phenolchlorephormn. After ethano! precipitation,
ihe pellet was resuspended in 100 jl of water. We then digested
30 pl with EcoRl, followed by Southem blot analysis. Hybridizations
were performed with the EcoRI fragment covering 5'HS:5, BamHI-
EcoRthuman BIVS I, or with an Xbal-Sau3A fragment covering he
mouse f-major promoter.
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mANA and Primary Transcript In Situ Hybridizalion

Primary transcript and mRNA In situ hybridizations to detect tran-
scriptlonal activity and expresslon of the human and mouse p-globin
genes in fotal fiver cells were parformed as described by Wijgerds
el al. {1995). Quantitation of fransciiption slgnals was done by count-
ing atleast 1000 cells from each fine with an epifivorescence micro-
scope. The figures presented were created with a laser scanning
confocal microscape.
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Summary

We have used gene competition to distinguish be-
tween possible mechanisms of transeriptional actlva-
tion of the genes of the human f-gfobin locus. The
Insertion of a second B-globin gene at different points
in the locus shows that the more proximal 8 gene
competes more effectively for activation by the locus
control region (LCR). Reducing the relative distance
between the genes and the LCR reducss the competi-
tive advantage of the proximal gene, aresult that sup-
ports activation by direct interaction between the LCR
and the genas. Visualizatlon of the primary transciipts
shows that the level of transciiption is propeortional to
the frequency of transcriptionat periods and that such
periods last approximately 8 min in vivo, We also find
that the position of the B-globin gene In the locus is
important for correct developmental regulation.

Introduction

A variety of phenotypic effects in eukaryotes are known
to be the result of long-range action by regions of DNA
ot one or more target sequences, Such effects include
transcriptional activation by distal control elements, het-
erochromatinization of translocated genes to glve posl-
tion-effect variegation, and phenomena such as silenc-
ing and insulation. The phenomenon of transcriptionat
regulation by sequences that are located at long dis-
tances from the promoter has been known for many
years, but there is still intense debate about how such
regulation takes place. Looping models that bring dis-
tally located sequences into direct contact wilh promot-
ors have been widely favored {Ptashne, 1988; Muller et
al., 1989; Bickel and Pirotta, 1890). However, argumenis
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Development, National Institutes of Health, Bethesda, Marytand
20892,
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have also heen put forward in favor of a binary model
that proposes that the sole function of distal elements
is to generate a favorable chromatin structure that
allows the promoter to function effectively (Weintraub,
1988; Martin et al,, 1996; Walters ot al,, 1996}

The study of long-range effects presents formidable
technical difticulties. Aithough it has been possible to
observe looping between protein binding sites in vitro
(Li et al., 1991; Mastrangelo et al,, 1991; Su et al,, 1991},
such systems are necessarily extremely simplified com-
pared with the In vivo situation. Direct visualization of

' contacts between transcriptional control elements in

vivo has not yet been achieved, and most of our informa-
tion about such contacts comes from genetic studies
in Prosophila {e.g., Bickel and Pirotta, 1980). Methods
for probing active and inactive chromatin configurations
are limited and provide little direct Information about
the role played In transcriptional activation by changes
in chrematin structure, An alternative approach that we
have pursued is to use detailed functional analysis of a
multigene locus to make inferences about chromatin
dynamics In vivo.

The system that we use, the human g-globln locus,
has long been a prototypic system for the study of tran-
scription in vertebrates (reviewed in Grosveld et al,,
1993). The locus consists of five developmentally regu-
lated genes that are activated at different stages of ery-
throld development (Figure 1). The genes are arranged
[n the erder in which they are activated during develop-
ment with ¢ expressed first in the embryonic yolk sac,
Between 6 and 10 weeks gestation, there is a gradual
switch to expression of the y genes, which predominate
during ke fetat liver stage. In the later fetal liver and
neonatal stages, there Is a further transition to expres-
ston of the p gene, and the y genes are almost com-
pletely slienced during adult life.

The locus has been characterized In detail over a
number of years, and this has resulted in the identifica-
tion of tha principal functional elements involved in its
regulation. The entire locus Is activated by the locus
control reglon (LCR) contained within a 15 kb region
located 5' of the « gene (Grosveld et al,, 1987). It has
long been known from genetic sludies that expression
of one gene in the locus can reduce that of the others
{Glgliont et at,, 1984). This effect has been studied exten-
slvely in transgenic mice (Enver et al,, 1990; Hanscombe
et al., 1981; Peterson and Stamatoyannopoulos, 1993),
and there is clear evidence that It operates in a polar
manner with the genes located proximally to the LCR
having a stronger suppressive effect on the more distally
located genes (Hanscombe et al, 1991}, The slmplest
explanation for the observed down-regulation would be
that activation is achleved through direct Interaction
between the genes and the LGR and that only one gene
can interact wilth the LCR at any one time. In contrast,
the binary model (Walters et al., 1996) excludes direct
Interaction and proposes transcriptional interference to
explain the down-regulation of distal genes (Martin et
al., 199€),
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Figure 1. Structure of Normal and Madified
R-Globin Locl

{A) Struciure of the mutant 8-globin Joci used
to geaerate fransgenic mice. The LOR is indi-
cated by the verlical arrows {1}-{5}, and ihe
genes as boxes. Thethin lines and the Bami|
sites Indicale the positions of the probes that
were used to analyze the ends of {he trans-
genlc fock (see Figure 2). Wild-type and mu-
tant o€l span a distance of 76 kb. In the ML
locus, the B and B genes are 50kb and 6.8
kb, respectively, from the 3’ end (H51) of the
LCR (56.7 kb and 13.6 kb from the middie of
the LCR), while the equivalent dislance for
the Gy gena is 28 kb. In ML2, the distances
of the B and Bm genes from the 3’ ead of the
LCR are 53.7 kb and 42.8 kb, respeclively
(60.5 kb and 49.4 kb from lhe middie of the
LCR).

[B) Structure of the marked P-globin gene
{Bm). A 410 bp fragment extending from the
Ncal site at the ATG coden to a BamHl site
located at the end of exon Il was replaced
with the equivalent fragment from the Ay
gene,

B ¥ B

Tha study of interactions within the locus has recently
been taken a step further by the use of in situ hybridiza-
tion to directly visualize primary transcripts at individuat
alleles in single cells {(Wijgerde et al,, 1995). In transgenic
mice homozygous for ahuman p-globin locus, cells from
12.5 day fetal liver were found to contain both y and 8
primary transcripts, but almost all (87%) of the focl
showed transcripts from only ong gene. The result was
Interpreted as indicating that only one gene in the focus
could be activated by the LCR at any cne tlime. The
presence of a minority of logi that gave double signals
was interprated as being due to the dynamics of the
process. After a swilch in gene activation, the newly
synthesized RNA would colocalize with the decaying
RNA of the previously transcribed gene. Qn the basis
of these results and dala obtained by manipulation of
regulatory elements or transcription factors (Mifot et al,,
1996; Wijgerde et al,, 1996}, we postulated that tran-
scriptional activation by distal elements is an all-or-
nothing effect with transcription only taking place when
the distal element is complexed with the gene. From
this, it follows 1hat the level of RNA produced would be
determined by the frequency with which such ranscrip-
tional complexes are formed and the duration of the
Interactions.

However, it has never been possible to examine fre-
quency and duratien as independent variables because
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v and § are different genes whose levels of exprasslon
change during the process of switching from y to p.
These factors introduce unknown variables into ths
analysis that limit the precision with which the kinetics
of transcriptional competition can be measured (Wij-
gerde et al., 1995}, In this study, we have eliminated
these variables by generating mutant loci that contain
a second functionally equivafent p gene at two different
positions in the locus to allow the study of only the
{requency of interaction,

We find that the steady-state RNA levels of the two
3-globln genes are dependent on their refative disfance
from the LCR, The measurement of primary transcripts
In individual cells shows that the number of transcrip-
tional periods of each gene correlates with the levels of
steady-state RNA. This provides independent evidence
for direct Inleraction between the LCR and individual
promoters and excludes transcriptional interference as
a mechanism for the pofarity of gene aclivation and
sltencing observed in the locus,

Resuils

Generation of Transgenic Mice Carrying

Mutant i-Globin Logi

To tesl the effect of gene position on expression within
the locus, we made use of a technigue that involves
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ligating twe cosmid Inserts to generate a 70 kb frag-
ment containing the complete locus {Strouboulis et al,,
1992b). Conventional cloning methedology carded out
on the Individual cosmids was used to generate two
modified loci, each contalning a second §3-globin gene
{Bm) that was marked so that its transcript could be
distinguished from that of the wild-type gene. In mutant
locus 1 {ML1), the pm replaced the  gene, while in
mutant Jocus 2 (ML2), it was inserted close to the cap
slte of tha & gene (Figure 1A}. Marking of the gene was
achieved by replacing part of exon 1 and 2 and all of
intron 1 with the equivalent sequences from the Ay gene
{Figure 1B}, When marking the gene, it was important
to reconstruct a fully functionat globin gene to avold
generating a transcript that would be [ess stable in ery-
throld cells than the wild-type B-globin mRNA, Extensive
functlonal tesling has not delected any regulatory se-
quences within this reglon of the y or B genes (Behringer
et al., 1987; Bodine and Ley, 1987; Antoniou et al., 1988}

Transgenic mice were generated by microlnjection of
the mutant loci into cocytes. Since a multicopy tandem
array would place an LCR close to the 3' end of the
wild-type f3-globin gene, it was necessary to analyze
animals that carried the modified loci at single copy.
To do this, we generated a large number of transgenlc
founder animais and then mapped the transgenes exten-
sively with particular emphasis on the ends of the in-
jected fragment, to identify mice that carried a complete
single copy of the locus.

Analysis of Transgene Structure

A total of 57 founder transgenics were generated (23
for ML1 and 34 for ML2). Tail DNA from these founders
was digested with BamHE and probed with fragments
from oither end of the locus {Figure 2). Founders thal
showed a joining fragment indicative of a multicopy tan-
dem repeat were discarded, while putative single-copy
animals were bred to generate transgenic lines, This
approach resulted in the generalion of 2 single-copy
lines for ML1 and 3 for ML2 {see below and Figure 2
with accompanylng legend). The integrity of the focus
in each of these lines was tested by probing blots of
EcoRl-digested DNA with the complele cosmids used
to generate the locus (Strouboulis et al., 1992a), Five of
the lines had the locus fully Intact, while a small re-
arrangement was detected in the middle of the locus in
one of the ML1 lines (data not shown). This line was not
analyzed further. Line 610 had 2 coples of the locus
Integrated as a tandem head-to-tail repeat, while line
217 had 2 copies of the locus linked together but sepa-
rated by an unknown amount of mouse DNA (Figure 2).
Such events appear to occur frequently during trans-
gene integration (Singh et al., 1991; Strouboulis et al,,
1992a). The structure of the focus in line 335 is not
clear, The EcoRl blot failed to show a 3'-end fragment
although end fragments were observed with other di-
gests (data not shown). This indicates lhat there Is at
least one intact copy of the locus in this line, However,
it Is also clear that the intensity of the 5'-end fragment
{Figure 2, left panel} is greater than that observed for
the other lines whan compared to the weakly hybridizing
mouse band observed in all lanes. This suggests that

fing 335 contains a second truncated copy of the locus
{with a segment of unknown size missing from the 3
end of the second copy).

Effect of Position in the Locus

on Transcriptional Function

Three different analytic approaches were used to obtain
a comprehensive piclure of the effect of position on the
regulation of the two B genes in the mutant loci, Steady-
stale levels of transcripts from the two genes were mea-
sured by St analysis of adult blood RNA from each
transgenic line. RNA FISH using intronic probes (Wij-
gerde et al., 1995) was used o delect the presence of
primary transcripts at the site of transcription of the
Individual genes in 16.5 day fetal fiver cells, This gives
a measure of the relalive frequency of {ranscription of
the two B genes in erythroblasts. S1 analysis was also
used to measure transcription of the genes at different
stages of mouse development and to assess whethar
position in the locus affects developmental regulation.
The resulls of these analyses are summarized in Figures
3 and 4 and described below.

Effect of Placing pm In a Bistal Position

in the Locus

The mutant locus construct ML2 places the pm gene in
a position 10 kb upstream from the wild-typs § gene.
Placing the marked gene relatively close to the wild-
type gene should show whether gene order affects tran-
scription, either through competition for the LCR or tran-
scriptional interference. Analysls of steady-state levels
of mRNA from both genes in adult biood from four
transgenic {ines carrying the construct showed that the
combined output of the two B genes is the same as that
of endogenous mouse 3 (per copy of the mouse B locus).
The data in Figure 3 show that expression of the two
human B-globin genes is not equal. The presence of the
pm gene at this position results in an expression fevel
of approximately 75% ({lines 301, 604, and 623) of the
total and a reduction of expression of the wild-type hu-
man B gene to around 26% as measured by S1 protec-
tion analysis of steady-state BNA {Figure 3},

FiSH analysis of prirnary transcripts was used to de-
termine the number of actively transcribing genes in
erythroblasts from 16.5 day fetal liver (when only the
adult B genes are transcribed). $m and [ primary tran-
scription signals were detected by in situ hybridization
with probes specific for the first Intron of the v genes
twhich detect primary transcripts from the fm gene) and
the first intron of the § gene (which detects wild-type §
transcripts), For each of the ML2 lines (301 and 623),
approximately 500 expressing locl were counted for pri-
mary franscription signals. 50% (51% and 49% for lines
301 and 623, respectively) of the alleles show a single
transcription signal for gm {Figure 3, green}), whereas
13% (in 301 and 623) have a single § signal {Figure 3,
red). A combined signal {red + green = yellow) is the
result of simultaneous transcription of one gene and
decay of primary transcripts of the other gene (Wijgerde
et al,, 1995; Gribnau and de Boer, personal communica-
tion). This is observed in 37% of the cells (36% and 38%
in lines 301 and 623, respectively). Since the pm and g
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Figure 2. Analysls of Transgens Structure

End-blot of five single-copy lines togelher with two additional two-copy lings for ML2. The right-hand panel shows a BamH1 digest probed
with a 3,3 kb EcoRi fragment from the 5’ end of lhe locus {see Figure 1}. The left-hand pane! shows the same blot probed with a fragment
from the second intron of the human p-globin gens. The size of the Intemal fragment differs in the ML1 and ML2 fines because of the different
location of the gene in he locus. Each of the five single-copy lines gives a differentiy sized end fragment when hybridized with probes specific
for the 6" and 3' ends of the locus {the additional internal fragment obsesved with the 3' proba comes from the fm gene). Ling 335 shows a
higher signat than expected for a single-copy integration, but we have not detected a jolning fragment as would be expected for a multicopy
integration, it also fails to show a 3'-end fragment when digested with BamHi; possibly the BamHI end fragment is larger than the average
size of the DNA in these preparations. Further blots did not clarify the situation, and hence, the exact structure of line 335 Is not clear, Line
610 gave two end fragments and a fragment that corresponds to the size expected for a head-to-tail jointng fragment, indicating that the line
canrles two coples of the transgene amanged as a head-lo-tail repeal. Line 247 also gives two different end fragments when probed with the
§'-end probe. Although one end Iragment is visible for the 3'-end prebe, Neel and Hingdlil digests each give two 3'-end fragments {not shown),
indicating that this fine contains two coples of the locus Integrated In the same region but separated by an unknown amount of mouse ONA.
The end fragmenls segregated togelher when the line was bred, Indicating that two Integration events have occurred close together.

and that of fm is 69%. This is in good agreement with
the S1 protection analysis,
We conclude that the presence of the additional g

genas are the same, the number of double spots {red +
green = yellow} is only dependent on their frequency
of transcriplion and signal decay. Using the average

numbers (50% green, 13% red, and 37% yellow), it can
be calculated (see Experimental Procedures and Dis-
cussien) that the frequency of B franscription is 31%
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gene down-regulates the distat B gene. Since the two 3
genes haveidentical promoters and flanking sequences,
wa also concfude that the down-regulfation is caused
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Figure 3. Transcriptienal Analysis of the M12 Locus
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(Top Line) The ML2 construct with the Bm and § genes indicaled in black.

{Left Bottom) 81 analysis of adult blood RNA from lines transgenlc for ML2 and the wild-lype -plobin locus (Strouboulis et al., 1892a). The
protecled fragments aro indicated on the right. The bands were quantilated by phospherimage analysis and comecled for copy number. The
numbers were normatized to 100% total human g and are shown on the right.

{Right Bottom) In situ hybridization of two of the ML2 lines with the percentages of celis showing prm/g double, fm single, and 8 single signals.

by a decrease in the frequency of transcription of the
distat B gene. Possible explanations for this decrease
would be compelition for the LCR (Enver et al,, 1990;
Hanscombe et al,, 1991} or transcriptional interference
{Proudfoot, 1986; Martin et al., 1996).

Effect of Placing pm in a More

Proximal Position

IF transcriptional interference plays a role in down-regu-
lating distal genes, then the effect would be expected
te be most pronounced when the $m gene is closest to
the B gene and to be reduced when the pm gene is
placed In a more proximal position {i.e., closer to the
LCRY}. If relative distance from the LCRis the maln deter-
minant, then the opposite effect would be expected.
These predictions were directly tested using the con-
struct ML1 in which Bm Is in the position normally occu-
pied by the ¢ gene (Figure 1). The resulls of S1 analysis
of adult blood from the two transgenic lines (180 and
185) obtalned for ML1 are shown in Figure 4. Again, the
total output of the locus is very similar to that of the endo-
genous mouse locl. In tine 180, expression of the level
of 8 RNA was 12% of the fotal human $§ RNA, while in
tine 185, expression was reduced to less than 1% {Figure
4). These results are confirmed by In situ analysis. Line
185 shows only 0.4% of the expressing loci with a single
B {red} and 0.4% with a double pr/p fyellow) signal,
while 99,2% express pm only {Figure 4), Lina 180 shows
1.2% single B, 14.4% double pm/B, and 84.4% single
fim signals. From these data, it can be calculated (see
Discussion} that the frequency of transcription of pm In
line 185 is 99% of the total, and in line 180, 91% of
the total. As in the ML2 mice, these in situ data are in

agreement with the $1 protection analysis, Howaver,
the variation between the ML1 mice indicates that one
of these lines is subfect to a position effect (see Dis-
cusslen).

These data clearly show that moving the proximal
gena closer to the LCR and much farther away from the
distal gene results in a more effective suppression of
the distal gene. In addition, since the proximal pm gene
is now In a position where franscriptional interference
on the distal § gene would be expected to be reduced
{and would certalnly not be increased), we conclude
that down-regulation of the distal gene is the result of
competition between the genes for direct interaction
with the LCR.

BDevelopmental Regulation

It has been suggested that the B-globin gene is normally
at least in part suppressed in the early stages of embry-
onic development due to its position in the locus and,
as a consequence, the compelition from the € and the
v genes (Enver et al ., 1990; Hanscombe et al., 1991;
Dillon and Grosveld, 1993; Peterson and Stammatoyan-
nopoulos, 1983). Since the ML1 mice carry a B-globin
gene in the position of the e gene, they provide an excel-
lent opportunity o test the competitive sifencing early
In developmeant. Timed matings were carried out for four
of the transgenic lines {two for each construct), and the
RNA was analyzed from 10.6 day yolk sac, 12,5 day fetal
liver, and adult blood for the presence of transcripts
from the human B, pm, and y genes and the mouse
embryonic ph1 and adult Bmaf genes (Figure 5). Embry-
onic yolk sac from the transgenic line 72 canying the
wild-type locus shows the expected pattemn of human
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Figure 4. Yranscriptional Analysisofthe MLt
Locus
{fop Line) The ML1 construct with tha 8m

and g genss indicated in black.
{Bottom Left) St analysis of adult blood ANA
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right. The bands were quantitated by phos-
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bers are shown on the right.

{Botlom Right} In situ hybridization on day
16.5 of development of two of the ML1 lines
with the percentages of cells shawing pm/p
double, fim single, and B single signa’s,
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globin expression with the v genes expressed at high
levels and the B gene completely suppressed. A similar
pattern is observed ior the ML2 lines (the gm gene in
the distal position) with both 8m and  completely sup-
pressed. In contrast, in the two ML1 lines (the fm in the
proximal position}, Bm is expressed at fevels that are
approximalely equivalent to those of the v genes. This
result shows that the B-globin gene does not contaln
any flanking sequences (2 kb in either the 8 or 3’ direc-
tion) that actively suppress its transcription in early de-
velopment.

In fetal tiver, the control line 72 shows the expected
tevels of human y and $ expression (Strouboulis et al.,
1992a; Peterson et al,, 1993, Figure 5). In contrast to
both ML1 lines (8m located upstream from the v genes),
expression of y in 12.5 day fetal liver is completely sup-
pressed. In the ML2 lines (3m located downsleeam from
¥} expression is observed in the early fotal fiver. We
therefore conclude that the position of ihe genes relative
to the LCR profoundly affects thelr developmental regu-
{atton and that this is the effect of transcriptional compe-
tition, Our results indicate that the B-glebin gene Is ner-
mally supressed in embryonic and {efal tissues because
its distal iocation results in a compelitive disadvantage
compared with the ¢ and v genes,

Discussion

Iy this study, we have used a combination of tech-
nologies to examine chromatin interactions over large
DNA regions. The LCR appreach (f.e., using all of the
elements required for physiological expression) allows
quantitative conclusfons te be drawn from measure-
ments of steady-state levels of mANA. The in sifu analy-
sis of primary transcripts provides qualitalive informa-
tion about transcription in each cell in a2 population.
Techniques for manipulating large fragments and Intro-
ducing them into mice permits the application of reverse
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genetics alt the leve! of a complete focus. Using these
approaches, we have been able to address a number
of ditferent questions.

Competition varsus Transcriptional interference
It has long been known that the transcription of one
gene can affect the expression of other genes in the
B-globin locus. Two different models have been sug-
gesled as explanations for this phenomenon, The com-
petitton model proposes that transcription depends on
directinleractions belween the genes and the LCR {Han-
scombe el al., 1991; Wijgerde et al,, 1995} and that such
interactions are monogenic. The binary model proposes
that the effect of the LCR on transcription Is due to an
alteration in chromalin structure and that the level of
expression is determined entirely by the promoter with-
out direct interaction with distal elements. As this model
does not explain the fact that up-regulation of one gene
resulls In a reduction in the expressfon of the others, it
was necessary to invoke {ranscriplional interference as
an additional mechanism to explain this effect (Mariin
et al,, 1996} We distinguished between the competition
and binary model by pfacing an extra -globin gene (Bm)
at two different positions in the B locus. It would be
expected that if down-regulation is caused by transcrip-
tionat interference, then the effect would decrease when
the extra B gene is moved away from the gene with
which it would interfere (ML1 versus ML2, Figure 1}. in
fact, suppression is substantially Increased in ML1, and
we conclude that interference cannot explain our result,
By inference, transcriptional interference plays at most
a minor rofe In the regulation of the §-globin locus. Of
course, our resulls do not exclude the possibility that
transcriptional interference plays a role In other situa-
tions,

The LCR contains five hypersensitive sites spread
over a distance of 15 kb. Functionatl analysis in trans-
genic mice has shown that four of the sites are required
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Figuea 5. Developmental Regutation of the MLt and ML2 Locl

51 analysis of ANA from 10.5 day yoik sac, 12.5 day fetal kiver, and
adult blood from lines transgenlc for MLY, ML2, and the wild-type
B-globin locus. The protecied fragments of the various probes are
indicated on the feft,

for full activation of a linked B-globin gene {Bungent et
al,, 1996; Milot et al., 1996; Peterson et al., 1996). The
fact that the genes compete for the LCR and that a
proximal gene can almost completely suppress iran-
seription of a distal gene implies that the LCR functions
as asingle holocomplex as proposed by Ellis et al. (1998}
rather than individual sites contacting the genes inde-
pendently {Engel, 1993},

Kinetics of Complex Formation betwesn
the LCR and the Genss
The finding that there is competition between the genes
in the locus and the cbservation of a predominance of
single signals by in situ analysis demonstrates that the
LCR can activate only one gene at a time (Wijgerds et
at,, 1995). The proportion of singfe and double signals
depends on the frequency of swilching, the duration of
the Interaclion belween the LCR and each of the genes,
and the lifetime of the double signal after a switch. The
two fdentical competing genes, fm and B, will have the
same duration of Interaction with the LCR. Since the
lifetime of the signal {7 min, Gribnau and de Boer, per-
scnal communication) and the number of single and
double signals are known, the frequency and duration
of a transcriptional period can be eslimated. The data
obtained with the ML2 mice show that the number of
single fm- and B-gene transcription signals for every
100 celts is 50 and 13, respectively, whereas 37 cells
have a double signal {Figure 3). From these numbers, it
is calculated (see Experimental Procedures) that there
is a 69% probabillity of lranscribing the fm gene versus
a 31% probability of transcribing the  gene when both
are In a distal position, as in the ML2 mice (301 and
623). Thus, the pm gene is transcribed 2.3 times more
frequently than the 3 gene. It can also be calculated
that the time of a transcriptional period lasts 8.2 min on
average {see Experimental Procedures).

When the same calculation is used on the two ML1

lines {180 and 185) that were analyzed by in situ analysis,
it results in two different values, namely a pm-to-8 fre-
quency of 160-fold and a transcriptional period of 20.5
min for line 185 (the very low B-globin expressor) and a
Bm-to-B frequency of 8-fold and a period of 7.5 min for
line 180, The latter is very simllar to the 8.2min observed
for the ML2 lines, and we conclude that the distal gene
in line 185 Is Influenced by a negative position effect,
In general, distal genes in single-copy integrations show
some sensitivity to the position of integration in the
mouse genome (Slrouboulis ot al., 1992a}, in particular
when the LCR interacts predominantly with a proximal
gene. In that situation, the distal gene is not engaged
by the LCR for most of the time and would therefore
be available for an interaction with neighboring mouse
sequences.

Eftect of Position in the Locus on Competition

Our results show that placing a gene at different posl-
tions in the locus affects the frequency of its interaction
with the LCR, Amore distal gene Is always at a disadvan-
tage, but the effect is accentuated when the proximal
gene is much closer to the LCR than the distat gene.
Whatis the mechanism for this effect of relative distance
from the LCR on competition? The more efficient com-
petition by a proximal gene could be explained by a
tracking model, where the LCR traverses along the DNA
until it finds a gene and forms a complex with it. How-
ever, a slmple tracking mode! predicts that the effect
of the proximal geng would be the same whatever ils
position relative to the distal gene and does not explain
the etfect of relative distance. An alternative modet (Dil-
lon and Grosveld, 1993} proposed that LCR and genes
can move freely In sofution and that random contact
between the genes and the LCR results in the formation
of stable complexes, A gene that is closer to the LCR
would coma into contact with it more frequently and
would therefore compete more effectively. As the proxi-
mal gena is moved away from the LCR and toward the
distal gene, the difference in frequency of interaction
would become lass and the competitive advantage of
the proximal gene would be reduced. The kinetics of
free movement of two tethered elements predict that
frequency of contact will be a function of relative dis-
tance to the power of 3/2 {Rippe et al., 1995}, Calculation
of the distance from the genes to the LCR Is complicated
by the fact that there are four hypersensitive sites spread
out over a distance of 15 kb. Since the struclure of the
LCR in vivo Is not known, only a range of 15 kb can be
used by measuring the distance from the genes to either
the 5" end (HS54) or the 3' end {HS1} of the LCR. This
would result in a distance of B-LCR/Bm-LCR to the
power 3/2 of 6-20 for ML1 and 1.4-1.5 for ML2. Thus,
if the genes were moving freely in sofution, the predicted
expression ratios of gm/p would be In the case of ML1
of 6- to 20-fold and ML2 of 1.4- to 1.5-fold.

However, the measured efiect of competition by the
proximal gena on the distal gene does not quite fit these
predicted numbers (9-fold for ML1 line 180 [no position
effect] and 2.3-fold for ML2}. In paricular, the deviation
of the more reproducible numbers for MEL2 implies that
movement of lwo points on a fragment of DNA in the
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nucleus is subject to additional constraints over and
above those imposed by the fact that they are tethered
{ogether, The nature of these constraints is unctear, but
the most Jikely constraint Is probably the fact that the
locus is part of a bigger loop.

Effect of Position on Developmentatl Regulation

Qur results also demonstrate that the effect of position
on compatition between the genes of the $-globinlocus
for the aclivating function of the LCR has a substantial
effect on the developmentalregulation of the locus, Spe-
cifically, we havae shown that embryonic stlencing of the
B-globin gene is dependent on its lacation in a distal
position in the locus. We cannot say for certain which
sequences in the proximat reglon of the locus are re-
sponsible for this embryonic activation, but the 2.7 kb
fragment containing the ¢ gene that was removed and
replaced wilh the B gene contains sufficient information
to direct high-level expression when linked to the LCR
(Raich et al,, 1990; Shih et al, 1990), suggesling that
any e-specific enhancers have been removed from ML1.
Embryonic expression of the y genes in ML1 is signifi-
cantly reduced compared with the wild-type locus, sug-
gesting that the more proximal g gene actually competes
more effectively with y than with the € gene that normally
occuples this position. However, a similar reduction is
observed when an exira 8 aene is located downstream
from the y genes, even though this gene is complelely
silent. Taken together with our other results, this sug-
gests that the locus has evolved as a functional system
in which the number of genes and the spacing between
the genes are important parameters that act in concert
with all of ihe regulatory elements to give the final level
of expression. This has important implications for our
understanding of the regulation of other complex multi-
gene loct such as the highly conserved Hox loel and
the imprinted murine H19 region. In the latier case, an
enhancer competition model has been proposed to ex-
plain ke fact that deletion of the H19 gene eliminates
imprinting of the Ins2 and Igf2 genes located 95 and 80
kb away, respectively (Leighton et ak,, 1995}, The study
described here provides the first direct evidence that
competition for shared elements does occur over dis-
tances of this magnitude in chromatin.

Polar competition clearly modulates switching be-
tween the y and §§ genes in the early fetal liver and gives
the ¥ genes a strong advantage by virtue of their more
proximal position, However, the v genes are expressed
at similar levels to that of B in the eatly felal liver, which
means that other parameters must be acting to counter-
act this positional advantage. For example, destabiliza-
tion of the interaction batwesn the LCR and vy genes may
lead to a reduced frequency of productive interaction
following contact between the LCR and the v genes.

Our results demonstrate the power of this type of
functional analysis for making inferences about tran-
scriplional behavler in chromatin. A particutar advan-
tage of this approach of functional probing is the fact
thatit uses the modulation of gene function in the nalive
context to draw inferences about the relaticnship be-
tween stnicture and transcriptional behavior. The most
interesting implication of this analysis Is that the initia-
tion of transcription of a gene can only take place while
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the distant regulatory sequence {LCR) is Indiract contact
with the gene and lhat the process of initfation stops
as soon as the LCR/gene complex dissoclates. Further
use of functional probing should allow direct testing of
avariety of different models for gene functionin chroma-
tin in vivo.

Experimental Procedures

Construclion of Mutant Locl

Medifications were carried out on the casmlids Cos-LCRe and Cos
18 containing the &' and 3' segments of the locus, respectively
{Strouboulis et al., 1992a). A 2.7 kb Clal/Kpnl fragment containing
e human € gene was excised from cos-LCRe and replaced with a
4.9 kb Bg!ll fragment contalning the marked {-globlin gene (Figure
18). The samae Bglil fragment was insested into the Sall site localed
at the cap site of the & gene in Cos vy58. The two cosmids were
Joined together using 1o olige-taiting procedure described by Streu-
beoulis et 21. {1892b).

Generation and Analysis of Transgenic Mice

The 70 kb fragmenis contalning the complete mutant loci were
purified by preparative agarose gel electrophoresis and injected inte
mouse occytes. Southem blolting of 1ai DNA was carried out using
probes specific for the ends of the lacus. The Intactness of the locus
was confirmed by problng with the complete Cos-LCRe and Cos
yy8B. All methods used have been previously described by Strou-
boulis et a1, (1892a).

51 Analysis of BNA

RNA was isolated from 10.5 day yolk sac, 12.5 day fetal liver, and
adult blood from transgenic lines and subjected 1o $1 analysls using
6'-end-labeled probes. The St procedure and the probes used for
the mapping were identical to those used by Strouboulis et al.
{1992a), The prohe for the fm gene was a 190 bp fragment extending
from —67 to +123 in the fuslon gene. Quantilation was carried out
by scanning.

in Situ Primary Transcription Analysis

The in situ analysis was carried out essentially as described by
Vhjgerda et al. {1995), using oligonuciectide probes that delect the
first intron of the v gene [visualizing fm as green signals) and the
first Intron of the B gene {visualizing the  gene as red signals). The
equilibdum between m and § transciption is then divided up in
leanscriptional time intervals T, while the lifetime of the double signal
is 7 min {Gribnau and deBoer, personal communlcation). At the star,
there is a possibility of each time interval to franscribe $im or g with
a probability P or 1-P, respeclively, There are four possible slates
per intervak: (1) switching fzom p 1o fm (wilth probabitity P) resulis
in 7 min double signal followed by T-7 min singla 8m signal; (2}
switching from Bm to g {with probability 1-P} results In 7 min double
slgnal loffowed by T-7 min single g slgnal; (3} going from pm back
to pm {with probabitity P} resuits in T min fm signal; and {4) geing
from @ back 1o @ (with probability P) resulls in T atin B signa). This
givas a Markov chain hat can be solved in three equations per time
interval T: {1} expected time that B is cbserved, Pt - P}(T - 7} +
Pt = (%pm signals)T; {2} expected lime that P is observed,
P{1 — PYT — 7} + {1 — PP = (%% signals)T; and {3) expecled time
that pmy3 double is observed, 2P{1 — P)}7 = {%EnV signals)T. For
example, these equalions can be salved 1o result for ling ML2 in
P=69%and T = 8.2min,
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We have used a kinetic analysis to distinguish possible mechanisms of activation of franscription of the different
genes §n the lluman  globin locus, Based on n siti studies at the single cell level we have previously suggested a
dynamic mechanism of single genes alternately interacting with the Locus Control Reglon (LCR) to activate
transcription, However those steady state experiments did not allow a direct measurement of the dynamics of
the mechanism and the presence of loci with in situ primary transcript signals from two fB-like genes in cfs has
teft open the possibility that multiple genes in the [ocus could initiate transceiption smultaneously. Kinetic
assays Involving removal of a bleck to transceiption elongation in conjunction with RNA FISH show that
multiple § gene primary transcript signals in ¢is represent a fransition between alternating transcriptional

periods of single genes, supporting a dynamic interaction mechanism.

Several models have been proposed for Lhe 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 al., 1998). In such a model the dimensional
aspects of the tocus would not play an important role.
In a second mode! 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 af., 1992; Tuan et al, 1992). Such a
medel is basically linear and predicts that the order of
the genes relalive 1o the regulator is an important
parameter. In a third model it has been proposed that
gene regulatory clements  participate  in direct
chromatin interactions with regulalory elements at a
large distance as a prerequisitc to (ranscriptional
activation (Ptashne, 1988, Bickel and Pirotta, 1990;
Mueller-Storm et al.,, [989; Poley and Engel, 1992;
Wijgerde et al, 1995; Dillon ef al, 1997). Such a
tooping model is three dimensional and predicts hat
the relative distance of the genes to the regulator is
important, All these models have been put forward to
explain the role of the human P globin locus control
region (L.LCR) in the developmental regulation of
transcription of the § gene cluster (Matin et al., 1996;
Tuan et al., 1992; Wijgerde et al.,, 1995; Dillon et al,,
1997).

The B 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 (Figure 1A). The expression
of all of these genes is dependent on the presence of the
LCR which is located 15kb upstream of the £ gene
{Grosveld et al., 1987). The e gene is expressed first in
the embryonic yolk sac followed by a gradual switch to
expression of the ¥ genes between six and ten weeks of
gestation.  Expression of the y genes predominates
during the fetal liver stage. Tn the later fetal liver and
neonatal stages, there is a second {transition to
expression of the § gene and the ¥ genes are almost
completely silenced during adult life, When the entire
human B locus is incorporated in transgenic mice a
similar expression pattern is observed, afthough the ¥
genes are expressed early in the embryo and are
switched off at day 16 of developraent in the fetal liver
(Strouboulis et al., 1992; Peterson et al,, 1993). The
analysis of mutated loci found in patients and the use of
single £, y and {} genes in transgenic mice have shown
that the € and y genes are suppressed awionomously
through sequences directly flanking the genes (Ditlon
et al,, 1991; Raich et al., 1990). However the B globin
gene when present in the whole locus is (at least in
large pact) silenced during earty development in a non
autonomous manner. This §§ 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
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a competitive advantage over distal genes (Giglioni et
al., 1984; Enver et al., 1990; Hanscombe ¢t al., 1991;
Peterson and Stamatoyannepoulos, 1993; Dillon et al.,
1997). However this would not be the case in an
accessibility mode!l and hence an extra parameter was
postulated to explain the silencing of the distat § gene
in early development, namely a process of interference
of the proximal genes with the distal genes via some
topological constraint (Martin et al,, 1996),

Recent analysis of primary transcription in single cells
(Wijgerde et al,, 1995, 1996) and the results oblained
by placing a second B globin gene at different positions
in the locus (Dillen et al., 1997) support a dynamic
fooping 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 al., 1995) could be interpreted as evidence
in support of the scanning or the accessibility model of
transcription initistion (Martin et al 1996}, Thus a
crucial difference between the looping model and the
others is single vs multiple gene aclivation at any
moment in a single locus, We have therefore used a
novel kinetic amalysis  utilizing  inhibition of
transcription elongation and release in conjunction with
RNA FISH (o show that multiple § gene primary
transcript signals in cis represent a transition between
alternating transcriptional periods of single genes,
rather than the co-initiation of transcriplion of multiple
genes in the locus.

Resulis
The lifetime of primary transcript in situ hybridization

signals

A key parameter in a kinetic analysis of the
transcription process in vive 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 rapidly cleaved from the primary
transcript and degraded. We used actinomycin-D o
measure the detection lifetime of the y and B primary
transcript signals at days 11.5 (Figure 1C) and 12.5
(not shown) and £ and o primary transcript signals at
day 10.5 (Figure 1D) of development. On both day
F1.5 and 12.5 the intron signals of the yand B genes as
well as § and « Intron signals at day 10.5 disappear
below detection level 7.5 minutes after the addition of
actinomycin-b, Interestingly the intron signals of the
and o gemes do nol decrease immediately when
compared to the fi-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 o-like probes.
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Figure 1. Lifetime of the human B and mouse o globin
primary transcript signals in sitw.. (A) Schematic diagrams of
the hunsan B globin locus and mouse ¢ globin locus. Black
boxes represent genes and vertical arrows represent the
hypersensitive siles of the B gfobin LCR and the « globin
major regulatory element {&MRE). (B} Intronfexon structure
of a B like globin gene with localization of probes used for in
site hybridizations. (C) Decay of the y and § primary
transcripts ja sifu signals in 11.5 day fetal liver cells treated
with 5 pg/ml actinomycin-D.  The percent of remaining
intron 2 signals are shown as & function of time. (D) same as
panel C for the mouse { and o genes in 10.5 day embryonic
blood cells.
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Unfortunately actinomycin-D inhibition is irreversible
and hence cannot be used in reactivation experiments.
We therefore used 5,6-dichloro-1-B-D-
ribofuranosytbenzimidazole (DRB) to reversibly inhibit
pol-H transcriptional ¢longation in single copy human
B globin transgenic mouse (Strouboulis et al., [992)
fetal liver cells, Previous studies have shown that DRB
docs not effect initiation of transcription (Fraser et al.,
1978; Marshall et al., 1992) bul prematurely aborts
clongating transcripts approximately 400-600 bp from
the initiation site (Chodosh et al., 1989; Marshali et al.,
1996) by inhibiting the activity of the P-TEFb kinase
which phosphorylates the carboxy terminal domtain
(CTD) of pol II (Marshall et al., 1996; Peng et al,,
1998). The effect of DRB treatment on globin gene
transcription in mouse erythroleukemia cels has been
reported previously {Twecten and Molloy 19813, The
results  demonstrate that DRB causes premature
termination without affecting initiation of transcription.
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
B globin primary transcript (Figure 1B and 2). fn sitn
signals with probes that hybridize to intron [, located
in the first 300 bases of the f globin primary transcript,
are still visible in 85% of the erythroid cells after 15
minutes of DRB treatment (Figure 2A, C) when
compared to the untreated conirof.  Probes that
hybridize to intron 2, 600-1200 bases 3' of the initiation
site (Figure [B) have completely disappeared after 7.5
minutes of DRB treatment {Figure 2B, C). The fact that
intron 1 signals ere not affecled by DRB confirms
carlier reports which indicated that the process of
transcription  initiation s not disturbed but only
clongation is affected resulting in short, prematurely
aborted transcripts. Since iniliation continues and the
balance between y and B is maintained we conclude
that whichever mechanism (scanning, accessibility or
looping) is responsible for the activation of the genes, it
is mot disturbed by the addition of DRB. The results
also show that after inhibition of transcription by DRB
the lime required to decay the existing B globin intron
2 primary transcript signal via splicing, to levels
beyond the limit of detection s in good agreement with
the Actinomycin-D results (Figure 1C). The same is
found for the a-like genes {not shown).

Kinetic analysis of single and double primary
transcript signals

Primary transcript in sitw hybridization with gene-
specific intron probes for human y and § globin in
transgenic [1.5 day fetal liver cells containing a single

copy of the complete human B globin locus show single
gene transcription signals in approximately 85% of the
human globin loci (Wijgerde et al,, 1995). A small
percentage of loci (~15%, e.g. Figure 3A, bottom right)
contain signals for both yand P globin genes in cis and
it is these signals that make a distinction between the
different mechanisms difficult, If double signals are due
to simultancous initiation of the y and B genes
according to the scanning and (on a random basis)
accessibility models then release of the DRB block
should result in the reappearance of double signals
{using intron 2 probes) at the same rate as single
signals. A lag in the reappearance of double signals
compared to single gene signals would be indicative of
alternating single gene initiation. This mode! predicts
that double signals would result from the overlap
between decaying primary {ranscripts (7.5 minules, see
above) from a recently active genc and the nascent
transcription of an active gene.
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Figure 2, The effect of DRB on transcriptional elongation in
vivo (A) In sifn hybridization with intcon 1 specific probes on
homozygous transgenic 11.5 day fetal liver cells treated for
15 minutes with 100 pM DRB. ¥ globin signals are shown in
red (Texas red), and B globin signals are green (FITC). (B}
In sitn hybridization with intron 2 specific probes on
homozygous transgenic 11.5 day fetal liver cells treated for 7
minutes with 160 uM DRB. v globin signals are red (Fexas
red), and B globin signals are green {FITC}. (C) Decay of 7
and [ intron | and intron 2 in site signals plotted as a
function of time after the addition of DRB.
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Figure 3. Reversible inhibition of transcription elongation on homozygous 1.5 day transgenic fefal tiver cells. (A-D) Primary
transcript in sitit hybridizations vsing y and B intron 2 probes, v signals are red {Texas red) and §§ signals are green (FITC). (A)y
and B primary transcript signals prior to DRB treatment. (B) vy and P primary transcript sigrals after 15 minutes treatment with
100 uM DRB, (C) 5 minutes after refease of the transcriptional elongation block by washing out DRB. Note most cells show
single ¥ or B transcription signals in eis, while many have more than one signal in trans. (D) 20 minutes after release from the
elongation block, the distribution of loci having single 7 or B and double signals (¥ and B in cis) are back to control levels.

Representative cells are shown for each time point,
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Figure 4, Kinetics of reappearance of single versus double
gene signals, Primary transcript in sife sigrals for ¥ and
(see Figure 3) were scored after release of the DRB block (o
transcription clongation in 1.5 day fetal liver cells and
plotted versus fime. The curves were normalized to their
maximum vafues. The resulis show the early reappearance of
single ¥ or B sigaals and a clear lag in reappearance of double
(Y and B in cis) signals. Cells in which both homologues
display signals for either v or [ are plotted as [oci frans
showing the independent reappearance of two signals in the
same cell,
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We treated transgenic }1.5 day homozygous fetal liver
cells with DRB for 15 minutes to block elongation of
globin primary transcripts (Figure 3). The cells were
then released from the DRB block by washing with
PBS and aliquots of cells were fixed onto slides at
various bervals and prepared for i siru hybridization
as previously described (Wijgerde et al,, 1995). The
cefls were probed with intron 2-specific probes for

human y (probes detect both G*{ and A‘y primary
transcripts} and [ globin primary transcripts. No
transceiption signals are visible in the zero time point
slide immediately afier the wash (Figure 3B). Five
minutes afler washing out the DRB (Figure 3C)
primary transcript signals are again detectable in a high
proportion of celis and continue to rise to the level
observed before addition of DRB,  Single (y or 3} and
double (y and B i cis) gene signals were counted and
the averaged results of three separate experiments are
presended in Figure 4. The results show that the
reappearance of double gene signals significantly lags
behind the reappearance of single gene signals in the
population, A lag in the reappearance of double signals
is also consistently observed when the two ¥ genes are

compared with gene-specific probes for G‘f and A‘r
{data not shown}.
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To determine whether there is an intrinsic bias against
the reappearance of double signals we counted the
reappearance of two signals in trans (i.e. a signal on
each chromosome) as an Internal control.  Their
reappearance  (Figure 4; loci  trans)  closely
approximates the single signal curves. We also
calculated a Lheoretical curve that would be expected
when the two foci are activated independently in frans
{not shown}, This curve ceincides with the curve found
for the appearance of two signals in #rans. We
therefore conclude that the two allelic globin loci
behave independently from each other in terms of
transcription (showing a stochastic reappearance of 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).

Weak competition versus strong competition

The ¥ genes are being expressed in embryonic cells in
conjunction with £ and in the early fetal tiver cells in
competition with B. This provides a unique opportunity
to investigate the interdependence of genes within a
focus by examining the effects of weak versus sirong
gene competition during development independent of a
DRB treatment.  The e-gene, which is a weak
competitor (Wijgerde ¢t al., [995), increases in
expression from 9.5 to [15 days in the embryonic
blood and y-gene expression decreases reciprocally
{Strouboulis et al., 1992; sce Table 1}). In the early fetal
liver erythroid celfs ¥ expression is further decreased
due to strong competition from the B gene (Wijgerde
al., 1995, 1996). If co-initiation of transcription occurs

one would predict that the percentage of G‘(‘AY double
signals in the y expressing cells would change very
Ititle. In contrast if alternating transcription of the ¥
genes and the other globin genes (€ or B) occurs then
addition of a third gene tnto the competition should
affect the percentage of deuble y signals due to the
resulting three-way alternation. When the percentage of
Gy Ay double signals is measured in the y expressing
cells during development, it changes from 83% at day
9.5 when € expression is low to 56% at day [1.5 in
embryonic blood when £ expression is at jts maximum
{Table I}. In the feial liver where the y genes are
expressed with high levels of [0 expression, the
percentage of double Gy-A',' stgnals decreases further to
29% (Table 1). Thus when Y gene expression is
accompanied by retatively low level expression of the €
gene in embryonic cells or high level expression of the

B gene in fetal Iiver cclls, the percentage of GY‘AY

double signals decreases accordingly, This result is
most easily explained by an alternating single gene
mechanism and is difficult to explain if one assumes
that the y genes are co-initiated.

fotal Hvar
E’ k
~ Y

20 M -

0 T T T T T T
85 106 156 116 125 135

% in situ primary y RHA signals % lotal y RNA

Gy ;| GrAr | Ay Gy | Ar
day9bblood & 83 12 39 | 6
day 10.5blocd 8 78 1" 3 | 88
day 11.6blood 7 65 37 27 | n
day 116lver 23 29 48 28 | 74

Table 1. Developmental expression and transcription of the
human ¥ genes.

The top panel shows the relative expression of the g, y and §
genes during development in transgenic mice (Strouboulis et
al,, 1992a). Shown below are the percent of loci with single
Gy or AY signals and double primary transcript in sifn signals
during development. The bottem right shows the percent of
Gy and Ay m RNA as determined by primer extension {data
nol shown). Note that changes in steady state RNA levels lag
behind changes in transcriptien as detected by primary
transcript e 57t analysis.

Transcription initiation of the o-like globin genes

The DRB analysis above does not exclude the
possibility that treatment with the drug could somehow
artifzctually couse a delay in the reappearance of double
signals in cis, even though this is clearly not the case
for the reappearance of double stgnals in rrans (Figure
4). There is indirect evidence that the o-globin genes
may be regulated differently than the f-like genes
(Craddeck et al., 1995). Instead of the five
hypersensitive regions present in the B globin LCR,
only a single hypersensitive sitc has been identified
40kb or 26kb upstream of the human and mouse «
genes respectively {Gourdon el al., 1994, 1995). When
this site is present as part of the human & locus in
transgenic mice, the expression of the o genes is
suppressed as development proceeds (Sharpe et al.,
1993; Gourdon ¢t al., 1994} indicating that additional
sequences are required for full expression.

We examined the primary transcription of the mouse -
like genes in embryonic red cells where all three o
genes are expressed. Primary franscript in situ analysis
shows a high percentage of double § and o signals in
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cis {80%) versus single £ or « sigrals (Figure 5A),
while the lifetime of the signal is similar to that
observed for the B signals (Figure 1D} in the presence
of actinomycin-D as well as DRB (data not shown),
This could mean that the genes are co-initiated in many
loci or that {requently allernating initiation takes place.
If alternating initiation occurs well within the lifetime
of the signal a large proportion of double signals in eis
would result. We then measured the reappearance of
single and double signals after the addition and
removal of DRB (Figure 5B, C ard D). Plolting the

reappearance of the signals as a Ffunction of time
(Figure 6) shows that the double signals appear at the
same ratc as the single signals and that there is no
measurable conversion of single signals into double
signals, On the basis of these dala it is lempling to
suggest that the o-like genes are co-initiated, but
rapidly alternating initiation of transcription would
give a similar result and hence can not be excluded,
Importantly the result shows that the treatment with
DRB does not arificially result in a lag in the
appearance  of  double  signals in cis,

Figure 5, Reverstble inhibition of transcription efongation on 10.5 day blood cells, (A-D) Primary transcript in site hybridizatioas
using mouse § and o intron probes, & signals are showa in red (Texas red} and o signals in green (FITC). (A) { and o signals
prior to DRB treatment. (B) 15 minules after teeatment with 100 pM DRB, (C) 5 minutes after release of the transcriptional
clongation block by washing cut DRB, Note that many loci shew double §- and cc-globin transcription signals in ¢is. (D) 20
minutes after release of elongation bleck, the distribution of loci having single £ or « and double signals (§ and o in cis) are back

io controf Jevels. Representative cells are shown for cach time point.
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Figure 6. Kinetics of reappearance of single versus double §
and et primary transcript signals. fr sife signals as shown in
Figure 5 were scored after release of the transcriptional
clongaticn Block in 10.5 day embryonic blood cells and
normalized to their maximum values for single {§ or o} and
double (§ and o jn cis) signals. Cells in which both
homologues display signals for either § or ¢« are plotted as
loci frans showing the independent reappearance of two
signals in the same cell.
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DISCUSSION

The results obtained previously with primary transcript
in sif analysis suggesied that the human [ globin
genes are regulated via a dynamic process of
alternating initiation of transcription of the different
genes. Thal proposal appeared to contradict existing
data, It had been known for many years that y and [
mRNA and preteins are found in the same cell during
the switchover from y to B, even in heterozygous, and
this appeared to be confirmed by single cell PCR data
(Furukawa et al., 1994). These data, taken together
with the primary transcript in situ results which
revealed the presence of a minority of loci with double
primary transcription signals in cis, were interpreted to
mean that the ¥ and B globin genes within a single
Tocus were or could be co-initiated (Martin et al., 1996;
Bresnick et al., 1994; Furukawa et al., 1994),

Three models have been proposed to explain
transcriptional  regulation by distant  regulatory
sequences, The accessibility model proposes that after
the activation of the chromatin, the genes bind
transcription factors and are activaled in a stochastic
fashion {Groudine and Weintraub, 1982; Martin et al.,
1996). ‘The scanning model suggests that regulatory
sequences act as a nucleation site for (part of) the
transcription machinery, which subsequeatly scans the
DNA for transcriptionally competent genes {Herendeen
et at, 1992; Tuan ¢t al., 1992). Finally the looping
model postutates that the distant regulatory sequences
interact directly with the gene to initiate transcription
(see Plashne, 1988 and Wijgerde et al,, 1995 and ref.
therein). Both the accessibility and the scanning models
allow co-initiatton of multiple genes in cis whereas the
[ooping model predicts initiation of only one gene at a
time, It is therefore important in understanding the
process of transcriptional initiation in vive involving
distant regulatory sequences to distinguish whether
alternating single or multiple co-initiation takes place,
We have shown that in the presence of DRB in vivo,
initiation of transcription is unaffected whereas
teanscriptional  elongation is reversibly  blocked.
Inhibition swdies with both DRB and actinomycin-D
show that the globin primary transcript signals have a
maximum lifetime of about 7 minules confirming that
we are detecting actively transcribed genes or genes
transcribed within (he last 7 minutes, By reversibly
inhibiting efongation with DRB for |5 minutes we have
allowed intron 2 primary transcript signals to decay via
splicing and degradation. Removal of the block
theoretically permits the immediate detection of only
actively transcribed genes, Obviousty not all loci cross
the detection threshold simullaneously, introducing a
smatt but measurable degree of asynchrony to the
experiment, and therefore allowing the possibility of
the reappearance of some double signals in the carliest

timepaint, By analyzing large populations of cells at
various time points after removal of the elongation
block we have been able to demonsirate a clear and
consistent difference in the amount of time required to
detect single versus double signals. If we compare Lhe
tiama (the time required to re-establish 50% of the
maximum number of single or double foci) for single (¥
or B} and double (y and f3) signals we find 4 minutes
and 8 minutes respectively. This shows that on average
double signals take twice as long lo reappear as single
signals indicating that double signals result from
sequential periods of initiation of singte genes.

In contrast, in the o locus the 4, of the single and
double signals are essentially the same (approx. 3
minutes) suggesting that the o genes are either co-
initiated or that they alternate at a frequency which is
shorter than the time required to reach the detection
threshold. There is indirect evidence for competition in
the mouse « locus which may be indicative of an
alternaling transcriptional mechanism,  Insertional
mutation of the £ gene with a PGK-Neo cassette results
in decreased expression of the & genes In definitive
eryihroid cells when { would normaliy be silenced
(Leder et al., 1997), Although the DRB results alone
do not allow us to make firm conclusions regarding the
mechanism of multiple a-gene expression they do show
a ctear difference compared to the ¥ and B genes and
exclude an artificial lag of reappearing double signals
in cis as a consequence of the DRB reatment.

Restriction digestion of sites in the G‘f and A‘{
promoter regions in jsolated K562 nuclei indicaled that
both promoters were accessible to digestion in cis in
approximately 50% of the loci (Bresnick et al., [994).
Co-accessibility of the promoters was inferred lo be
SYRONYMOous with simultanecus nuclease
hypersensitivity of the two gene promoters. Although
these Hoks have not formally been established, it was
suggested that this was an indication of co-initiation of
transcription of the genes. Our DRB results in
conjunction with the developmental transcription
analysis indicale that the two y genes are alternately

transcribed.  The high percentage of double G]'-AT
signals in comparison to the low percent of double -
signals suggests that allernations occur at a higher
frequency between the two ¥ genes than between the ¥
genes and the 3 gene,

Thus the data presented show that the double signals in
the P locus are not generated as predicted by a co-
initiation mechanism, but represent a {ransilion
between alternating transcriptional periods of single
genes, A number of additional in vive observations
support this conclusion, A single regulatory region (the
LCR) is required by all of the genes in the § globin
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locus for activation (reviewed in Fraser et al, 1998)
and the genes compele with each other for this function
(Giglioni et al., 1984; Enver et al., 1990; Behringer ¢t
al., 1990; Hanscombe et al.,, 1991; Dillon et al., 1997}
with LCR proximal genes having a competitive
advantage over distal genes (Hanscombe et al., 1991;
Peterson and Stamatoyannopoulos, 1993; Dillon et al.,
1997). During the pericd of switching from ¥ to f
expression nearly all erythroid celis have both ¥ and f
mRNA in the cytoplasm yet the overwhelming majority
of loci have only ¥ or [ transcription signals (Wijgerde
et al.,, 1995). In addition, individual loci within the
same cell can respond differently to the same Irans-
acting factor environment with ¥ transcription on one
tomologue and $§ on the other. The balance of
expression belween the y and P genes can be tipped in
either direction by mutations in the y promoter which
prevent normal y gene silencing or alterations in the
level of EKLF, which is required for B gene
transcription (Wijgerde et al., 1996, Tewart ¢t al,
[998). In each case modulation of the expression of
one gene leads to reciprocal changes in the expression
of the other. A dynamic interaction belween the LCR
and the genes via looping explains all of the basic
properties. It explains compelition, 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 competitive advantage of a gene is the resull
of increased frequency of LCR-gene interactions which
are dependent on distance (see Dillon et al., 1997).
Looping and direct contact between reguiatory regions
is therefore the simplest mechanistic explanation for
the observed results and is supported by previous
experiments with other systems (Mueller-Storm et al.,,
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 re-initiation of that gene would require
continuous LCR contact {(Wijgerde et al., 1995; Milot et
al., 1996; Dillon et al.,, 1997). In the context of this
mechanism the data suggests that chromatin in vive is
highly dynamic or diffusible, allowing the LCR-gene
complex to change rapidly to bring about co-expression
of multiple genes.

Materials and Methods
Reversible inhibition of transcription elongation with

DRB.

Homozygous transgenic mice containing a single
integrated copy of the complete human § globin locus
were bred to obtain cmbryos. Peripheral bloed and
fetal livers from the indicated developmental time
points were dissected out in PBS. Felal livers were
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geatly disrupied by repeated pipetting. Actinomycin- D
was used al a final concentration of 5 pg/ml. DRB
(Sigma) was added to cell suspensions to a final
concentration of 100 ¢M and incubated at 37°C. for 15
minutes, Five volumes of ice cold PBS were added and
the cells were Immediately pelleted by centrifugation
for 2 minutes at 1300 rpm in an eppendorf centrifuge.
Cells were washed two more times with 1.5 ml ice cold
PBS and resuspended in 250 pi of PBS at 25°C.
Aliquots were taken at the designated intervals and
fixed onto poly-L-lysine coated slides (Sigma) for in
sitee hybridization,

Probe sequences and in site kybridization analysis

The following probes were used for the in sitn
hybridization analysis:

Human [} intron | probes:
CTGTCTCCACATGCCCAGTTTCTATGGTCTCCTT
AAACCTGTCTTGTAA
GGGTGGGAAAATAGACCAAAGGCAGAGAGAGT
CAGTGCCTATCAGAAACAGGGCAGTAACGGCA
GACTCTCCTCAGGAGTCAGGT
ATAACAGCATCAGGAGGGACAGATCCCCAAAG
GACTCA

Human [ intron 2 probes:
TTCCACACTGATGCAATCATTCGTCGTTTCCCA
TTCTAAACTGTACCCT
CTGATTIGGTCAATATGTGTACACAATTAAAAC
ATTACACTTTAACCCA
5SGGTAGCTGGATTGTAGCTGCTATAGCAATATG
AAACCTCTTACATCAGT

Human yintron! probes:
AGGCACAGGGTCCTTCCTTCCCTCCCTTGTCCT
GGTCAC
TGACAAGAACAGTTTGACAGTCAGAAGGTGCC
ACAATCCTGAGAAGCGA
AGGCTTGTGATAGTAGCCTTGTCCTCCTCTIGTG
AAATGACCCA
AGAGCCTACCTTCCCAGGGTTTCTCCTCCAGCA
TCTTCCACATT

Human yintron?2 probes:
GCAGTTTCTTCACTCCCAACCCCAGATCTTCAA
ACAGCTCACACCCGC
CCTTCTGCCTGCATCTTTITAACGACCAACTTG
TCCTGCCTCCAGAAG
ACAGAGCTGACTTTCAAAATCTACCCAGCCCAA
ATGTTTCAATTGTCC

Human A’y 3 flanking region probes:
TCATATAAAAATAAATGAGGAGCATGCACACA
CCACAAACACAAACAGGC
CAGAACTCCCGTGTACAAGTGTCTTTACTGCTT
TTAT
TTCATTAAGAACCATCCTTGCTACTAGCTGCAA
TCAATCCAGCCCCCA
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ATTTCACTTTCTTAGGCATCCACAAGGCTGTGA
AAAGCTAAGTGCCAT

Human GY 3" flanking region probes:
AAAAAAGTGTGGAGTGTGCACATGACACAAAC
ACACATAGCCATGTATAA
TGCAGACGCTCCCATGTATAAGTTTCTTTATTG
CCTAGTTICTTITATTTG
ACGTAAACAAAAAAGTGTGGAGTGGCACATGA
CACAAACACACATAG
GCAGACGCTCCCATGTATAAGTTCTTTATIGCC
TAGTTCTTTTATTT

Mouse ¢ intron probes:
CACAGAAAAGCATAGTTAGAAGCGCCCACTGA
GCGAGTGCCAGGTCC
AGCCCTTCCTAGGGGCCCAGATGCCGCCTGCCA
GGTCCC
GCTCCCCTTCCTGUGGACCACTATGTCCCTGCCT
TGGGCACGAGGACCC

Mouse L intron probes:
CCTTCTCAGTGGCTTCTCCTCACAACTGCTCTIT
GTCACTICTGTCTC
ATGGAAGACTCTGGTGAGCTCTGGAATGCCAG
CCCACCTCCTTTAGTA
ACAACCCCAAGAGTGATGTTACTATTGCTGTTG
CACAAGGGTCTACA
AAGGGGATTTGATGCCTCCAGCCCCAATGGCA
CCCATGCCTGCGCTCG

The two y genes are highly homologous in both intron
and exon sequence making the use of gene-specific
intron probes extremely difficutt.  Transeriptional
termination of ¥ gene transcription is known o occur 1-
2 kb downstream of the poly-adenylation site (Ashe et
al.,, 1997). We therefore used probes (37 flanking
region probes) which hybridize toe regions 300-500 bp
downstream of the poly-adenylation sites of the y genes

GY and AY gone primary lranscripls

to detect the
separately.

Cells were fixed onto poly-L-lysine coated slides in 4%
formaldehyde/5% acetic acid for 18 min. at room temp.
The cells were subscquently washed 3 times for 5 min

in PBS and stored in 70% ethanol at -20°C, The slides

were pretreated for hybiidization by a 0.01% pepsin
digestion (5 min,, 37°C) in 0.0IM HCI, followed by a
short wash in water and a 5 min. fixation in 3.7%
formaldehyde at roem temp. The slides were washed in
PBS, dehydrated in 70%, 90% and [00% cthanol steps
and air dried. The hybridization mixture was applied
(12 pi per 24x24mm coverslip) and incubated at 37°C
in a humidified chamber for 12hr. The hybridization
mixture contained Ing/pl of each oligonuclectide probe
haptenized with cither digoxygenin or biotin side
chains in the middle ard on the §' and 3' ends of the
oligonucleotide  (Eurogentee, Belgium) in  25%
fermamide, 2x SSC, 200ug/ml saimon sperm DNA, 5x
Denhardts, 1mM EDTA and 50mM sodium phosphate
pH 7.0. The coverslip was removed by dipping in 2x
S8C and the cells were washed three times for 10 min,
in 2x SSC at 37°C, followed by a 5 min wash in G.1M
Tris, 0.15M NaCl, 0.05% Tween 20 at room iemp.
Antibody detection of the labels was essentially as
described by Dirks et al. (1993), with three or four
amplification steps. Mounting was in
DAPI/DABCO: Vectashield (1:1) in glycero) (90%) and
stored at 4°C in the dark. Fluorescence was detected by
epifluorenscence microscepy and photographs recorded
with an CCD camera.

The graphical resulls represent the average of three
separate experiments, In all cases more than 1000 cells
were counted per data point using a dictaphone to
record the results.
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Mechanisms of developmental control of transcription in the murine o and

globin loci.
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We have characterized mRNA expression and transcription of the mouse « and P globin loci during
development, S1 nuclease and primary franscript in sifu hybridization analyses demonsirates that all seven
murine globin genes ({, «l, o2, ey, PH1, fmaj and fmin} are franscribed during primitive erythropolesis,
however transcription of the §, ¢y and BHI genes is resiricted to the primitive erythroid lineage. Franscription
of the Bmaj and fmin genes in primitive cells is EKLF-dependent demenstrating EKLF activity in embryonic
red cells. Novel kinetic analyses suggest that multi-gene expression in the -lecus occurs via alternating single
gene transcription whereas co-initiation cannot be ruled out in the o locus, Transcriptional activation of the
individual murine § genes in primitive cells corretates inversely with their distance from the locus controt
reglon which contrasts with fhe human B-locus in which the adult genes are only activated in definitive
erythroid celfs, The results suggest that the multi-gene expressior mechanism of alternating transceiption is
evolutionarily conserved between mouse and himan [ globin loct but that the timing of activation of the adult
genes is altered, indicating imporfant fundamenta! differences in globin gene switching.

gestation the major sile of erythropoiesis in the
developing embryo switches from the yolk sac to the
fetal EHver. This switch in site is coincident with a
change to definitive gene expression in both the o and

The murine o and $-globin loci are muiti-gene clusters
located on chromosomes 11 and 7 respectively (Fig. 1).
They are highly homologons te  their  human
counterparts in organizational structure and function

and represent paradigms for the study of developmental
gene regulation, The alpha locus consists of three
genes §, ool and o2 which are dependent for expression
on the major regulatory element (oMRE) which
appears as an erythroid-specific DNase I hypersensitive
site approximalely 26 kb upstream of the { gene
{Gourdon et al., 1995), The murine [} locus consists of
four functional genes ey, PHY, B-major {Pmaj) and B-
minor (fmin) which are controtted by the locus control
region (LCR), a series of five DNase I hypersensitive
sites in erythroid chromatin located 5-25 kb upstream
of the ey gene (Moon and Ley, 1990; Hug et al,, 1992;
Jimenez et al., 1992; Fiering et al,, 1995). The genes
are arranged in the order of their developmental
expression, as arc their  human homologues,
Embryonic yolk sac derived erythroid cells co-express
high levels of both £ and o globin mRNA (Leder et al.,
1992} and primarily ey and BH! beta-like globin
mRNA  with small amounts of Pmaj and Pmin
{Brotherton ¢t al., £979; Chui ¢t al,, 1979; Wawrzyniak
and Popp, 1987; Whitelaw et al, 1990). At 11.5 days of

B clusters leading to predominant expression of the ol
and 2 genes and the finaj and Pmin genes. Although
the small amount of Pmaj and Pmin expression in
embryonic cclls appears to be genuine and not due to
maternal contamination (Wawrzyniak and Popp, [987)
it is unclear whether the embryonic genes are expressed
in carly fetal liver cells (Wong et al., 1983; Whitelaw et
at,, 1990).

The human globin foci have been more thoroughly
studied, facilitated by the use of transgenic mice. The B
L.CR has been shown to be required for the initial
activation of the locus and provides erythroid-specific,
high level, copy oumber dependent, position
independent expression to linked genes (Grosveld ef al.,
1987). Studies with the o locus have shown that HS-40
is required for expression of the o-like genes (Bernet et
al.,, 1995) but transgenic results have supggested that
additional sequences are required for developmental
position independent expression (Higgs et al, 1990;
Sharpe et al., 1992).
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Figure 1, Schematic diagram of the murine o globin and [
globin loci.  Genes are represented by solid boxes and
vertical arrows represent DNase | hypersensitive sites of the
o«MRE and f§ globin LCR.

A detailed model of the mechanism of developmental
regulation of the B-like genes has been proposed based
on the observations of geme competition for LCR
function (Enver et al., 1990, Hanscombe et al., 1991,
Peterson and Stamatoyannopoulos, 1993, Wijgerde et
al., 1995, 1997; Dillon ¢t al, 1997) and single genc
activation by the LCR (Wijgerde et al. [995; Gribnau et
al., submitted). These data strongly argue in favor of a
looping model in which the LCR forms direct, mutually
exclusive chromatin  interactions with  gene-local
regulatory elements Lo activate transcription of & single
gene. Muitiple genes are co-expressed in cfs through
alternating franscriptional periods of single genes
(Wijgerde et al., 1995; Gribnau et al,, submitted)
suggesting that LCR/gene intesactions are dynamic but
also scmi-stable, persisting on the order of several
minutes {Wijgerde et al., 1995; Dillon et al., 1997},

It has therefore been suggested that two parameters
determine the transcriptional output and hence
expression level of a given gene during development.
The first is the frequency with which the LCR
preductively contacts a particular gene and the second
is the stability of that interaction, The frequency of
LCR-genc contact has been proposed to be dependent
on distance from the LCR (Dillon et al,, 1997). The
refalive distance beiween two competing genes and the
LCR has been shown to be important in controlling
both the tevel and timing of expression (Enver el al.,
1990, Hanscombe et al, [991, Peterson and
Stamatoyannopoulos, 1993). Dillon et al, (1997)
measured the effects of distance on the frequency of
LCR-gene inleraction by comparing genes of equal
stability at varying positions in the locus in
combination  with  primary transeript in  siu
hybridization. Insertion of a B gene into more LCR-
proximal positions resulted in that gene being
transcriptionally activated more ofien and at the
expense of the equivalent downstream gene in relation
to the difference in distance,

The stability of the LCR-gene interaction has been
proposed to be determined by the transcription factor
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environment. Targeted distuption of the erythroid
Kruppel-tike factor (EKLF) has shown that it is
required for transcription of only the adult-type [
globin genes (Nuez et al., 1996; Perkins ¢t al., 1996).
EKLF binds sclectively with high affinity to the
CCACCC eclement present in the promoters of the
moeuse and human aduit-type § globin genes (Donze et
al,, 1995), Studies with compound human globin locus
transgenic/EKLE knockout mice have shown that
reductions in EKLF expresston in heterozygous and
homozygous knockout mice lead to decreased
expression of B globin and reciprocally increased
expression of y globin mRNA (Wijgerde et al,, 1996;
Perkins et al,, 1996). We have shown (hat these
changes arc due to reductions in the number of
transcriptionally active P-genes in the fetal fiver
population with reciprocally increased numbers of
active y-genes (Wijgerde et. al., 1996), These studics
have been interpreted 10 suggest that reduced EKLF
fevels lead o a decrease in the stability of the LCR/B
gene complex, Reduction in the amount of time that the
LCR complexes with the f gene allows more frequent
interaction with the y genes,

Here we present defailed characierization of the
developmental  expression  and  transcriptional
regulation of the murine of and [ globin loci at the
single cell level. The results of /i site hybridization and
novel kinetic analyses suggest that transcriptional
regulation of the mouse f§ genes is mediated by a
similar dynamic chromatin interaction mechanism as
has been propesed for the human f locus. However,
untike the human locus transcription of the adult f-like
genes occurs in embryonic cells and hence is only
partially suppressed and not silenced through
competition for the LCR. Similar analyses of the «-
globin focus indicate that a co-activational mechanism
of multiple genes in cis cannot be ruled out.

RESULTS
Developmental expression.

RNA samples were collected from embryonic and fetal
erythroid tissues at different stages of development and
subjected to S| nuclease protection assay 1o determine
the expression pattern for the murine o and P globin
genes (Fig. 2). Previous studies have suggested that
small amounis of the adult P-like globin genes are
expressed in embryonic cells (Brotherton ¢t ak, 1979,
Chui et al, 1979; Wawrzyniak and Popp, 1987;
Whitelaw et al, 1990). Quantitative phospherimage
analysis of 81 assays (Fig. 2A) shows that in 10.5 day
embryonic blood the level of gy is 60 % and PHI 34 %
of total B-like globin {Table 1), fmaj-Bmin {the B S1
probe does not distinguish between Pmaj and Pmin) is
detected at levels of approximately 6%,
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Figure 2, 81 nuclease protection assays. Total RNA from the
indicated developmental timepoints (10.5 day whols embryo
and 12.5, 14.5, 16.5 day fetal liver and adult blood) was
subjected to St nuclease protections assay as described in
materials and metheds with probes of equal specific activity.
A. B locus probes gy, BHI and fm (Bmaj and Bmin). B.
locus probes & and o {xl and «2). The position of protected
fragments is indicated on the left.

Expression of the o genes at 10,5 days is comprised of
46% £ and 54 % a mRNA (the ¢« S1 probe does not
distinguish between ol and o2) {Fig. 2B and table 1},
This is in agreement with previousty published results
(Whitelaw ct al, 1990). At day I1.5 of geslation the
main site of erythropoiesis changes from the embryonic
yolk sac to the fetal liver which is the site of definitive
erythropoiesis. Analysis of fetal liver RNA at 12,5 day
shows that 91% of the B-like mRNA is Bmaj-Bmin, and
ey and BH! arc still detectable at 7% and 2%
respectively. The appearance of small amounts of BHI1
and especially ey mRNA in the early fetal liver as late
as 4.5 days has been suggested 1o indicate that
expression of these genes is not restricted to yolk sac
derived cells (Whitetaw et al,, 1990), However this
residual mRNA may also be due to coatamination of
fetal livers with circulating embryonic cells, A
definitive conclusion is only possible through
individual cell analyses with cell type markers and
morphological analysis (see below). The levels of o
globin mRNA in 12.5 day fetal liver cells also shows a
switch from roughly equal § and o expression in the
embryonic cells to 99% o and only 195 { mRNA. §
mRNA is undetectable by 14,5 days suggesting but not
proving that { transctiption is restricted to embryonic
cells.

Tebls 1: Qusnstistive S1-nucleasa profaction gnalys's.
105 tood  §261stalver 1450t tver 185 fatgl Ever

o &3 7 <1 0

BH1 34 2 < 0
peaf-firin a H 3 500

[4 48 1 4] 0
af-u2 &4 89 103 100

Phosphorimager quaniitation of 51 nuclsase protaction assaLs shoam I
FDE-S. Tha numbets reptesent mzrarcenh of fotal fi giobin or a globin
mRNA expresslon for tha hdyidu megesndupenes.

Primary transcript in situ hybridization

We have shown previously that co-expression of the
human ¥ and B-globin genes in transgenic mouse fetal
erythroid celfs containing a single, complete human 3-
globin locus (Strouboulis et al,, 1992) is achleved
through  alternating  transcriptional  periods  of
individual genes (Wijgerde et al, 1995), Primary
transcript in site hybridization with gene-specific intron
probes showed that the vast majority of loci (88%) had
only single gene signals. Approximately 12% of loci
displayed two gene signals in cis, which we proposed
represented a recent switch in gene activation. To
ensure significance in this type of analysis the
hybridization efficiency must be extremely high to
guarantee the detection of nearly all transcriptionally
aclive genes.

We determined the hybridization efficiency of the
mouse {, o, ey and PHI globin intron probes by
hybridizing them to 10.5 day primilive erythroid cells
(Fig. 3A,B and Table 2). The £ probes detect primary
transcript signals at 96% of the loci. The o globin
intron probes which recognize the primary transcripts
of both highly homologous a1 and @2 globin genes
demonstrale detectable signals at 90% of the loci.
Double label experiments with both the § and o globin
probes shows that a signal (o, {, or both) is detected at
greater than 95% of the loci, If all three o globin genes
are constitutively transcribed in primitive celis then our
hybridization efficiencies are very high, at least greater
than 90%. It is possible that some of the genes are off
at certain times, in this case we would conclude that
our efficiency is even higher.

We performed similar quantitations for the gy and BH1
globin primary transcript probes (Fig. 4B, Table 2).
Approximately 90% of the loct have a gy signal and
63% have a BH! signal at 10.5 dpc. Calculation of the
relative percent of gy versus BHI primary transcript
signals yields the same percentages as the Si analysis
of ey and $HI mRNA €59 and 38 percent of total §i-like
globin respectively, Table 1). This precise correlation
between the relative percentages of transcriptionatly
active genes and mRNA expression suggests that the
number of fully active genes in the population
determines the fevel of mRNA expression. This was
also found to be the case in the human f} locus where
the results indicated that a gene is either fully on or off
(Wijgerde et al,, 1995; 1996; Dillon et al, I997).

93



Chapter VI

Tabla 2, Quantitation of ranscriptional celf types and percenatges of ocl wilh transcription signals for the individual globin genes,

% Transerptional co'l types

% loc! with specifs ranscription signal ®

Ocey pHI@ el a0 Ofry  prin @ y  pHi C 13 Praf fimin

® 1 < 1 0 oS 05 0 0. 05
e @ <t 3 « [ 1 3 0 [ 1
CICH 4 13 3 2 4 13 68 16 3
] a7 76 69 37 37 7% 78 69 69
& o EY 4 4 3N HE 2 4 14 7
e o' 3 2 <1 15 15 1 1 05 05
8 6 < 8 3 3 05 05 4 4
0 O 14 1 2 0 0 1 2 0
o} 3 < 2 15 0 o 05 1 0
Total 0 63 8 90 a2 45

a. Doubta {abel In situ hybridizations as shown In Fig 3 were counted and the percentages of the nina diffarent transcriptional cell typas

ara shown, Tha opal
indicated at the lop of each column. The signals present on each

n and closed circles (left} represent the different pdmary transcripl signats for tha indjvidual ggb!n genes as
of the homologaus chiomosomas are shown.

arfapping opan end

closed circles roprasent loc with bwo diffarent primary transeript slgnals In cls, Results ware taken from 10.5 day embryonic blood calls
for ey, pHA, £ and a, Pma] and pmin resulls ara from 13.5 day fatal iver calls.
b. Shown are the perceniages of loci with transcription $igna's for tha Indicaled genes.

*Cal's with different transcriplion signals or combinations of signals on each locus.

Globin gene transcription in primitive erythroid cells

Gene competition in the mouse B-globin [ocus has been
suggested by a naturatly occurring deletion of the fmaj
gene and its gene-local regulatory elements (Skow et
al., 1983) which leads to increased expression of the
Pmin gene in homozygoles {Curcio et al.,, 1986). In
contrast, fargeted distuption of the Pmaj gene via
insertion of a selectable marker leads te perinatal
lethality with no increase in P-minor expression
{Shehee et al., 1993;). In the o locus, marker gene
insertion into the {-gene leads to reductions in the level
of o-gene expression in the fetal and adult erythroid
cells suggesting (hat the marker geme may be
competing for activation with the «-genes (Leder et al,,
1997). To investigate the mechanisin of co-expression
in the mouse o and $-globin loci and characterize the
pattern of transcriptional regulation we performed
primary transcript én site hybridization, on 9.5, 10.5
and 11.5 day peripheral blood. Oligonucleotide probes
specific for the introns of gy, fH1, Pmaj, fmin, { and o
were used in double label experiments.  Primary
transcript in site hybridization shows that embryonic
blood cells from day 9.5 through day 11.5 transcribe all
four P-like globin genes to varying degrees (Fig. 4A-C,
Table 2). Each of the loci in a single cell can have a
dilferent primary transcript signal or combination of
signals (Table 2) demonstrating that, like the human §
genes, each locus responds independently to the same
trans-acling factor environment. Almost afl loci
(approx. 90%) have signals for the €y gene, which
remains fairly constant in embryonic blood cells

94

tiwoughout the period from 9.5 to 11.5 days (Fig. 4A).
The ey gene is closest to the LCR and is the most
highly expressed gltobin gene during embryonic
crythropolesis (Fig. 2A). The ey and BHI foci
frequently appear in ¢fs (i.e. double signals on one
allele) decreasing from 85% at 9.5 days to 45% at 11.5
days of gestation (Fig. 3B, 4A) as a result of the
decrease in PHI gene transcription from 95% at 9.5
days 1o 53% at 11,5 days. Thus fewer BHI genes are
being transcribed as development proceeds.

Adult B-gene transcription is already observed in a
small percentage of fimaj loci in 9.5 day embryonic
blood, increasing to 25% in 11.5 day blood (Fig. 3C,
4B). Three percent of the Pmin genes had primary
transcript signals at 10.5 days (Fig, 3D} and increased
to around 10% in 11.5 day blood. The Bmaj and Pmin
foci nearly always appear in cfs with an €y signal in the
early primitive cells, but by 11.5 days (blood)
approximately 20% of the Pmaj signals are single
signals (Fig. 4B).

These results of B gene transcription in the mouse
globin locus are markedly different from those of the
human transgene focus, The early transceiption of the
“adult” mouse f-genes (Bmaj and Pmin) s in contrast
to the human locus in which transcription of the adult
globin gene is not detected in embryonic cells but is
restricted to fetal derived erythroid celfs. These results
show that the entice murine § globin locus is
activatable in embryonic erythroid cells.
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Figure 3. Primary {ranscript iz site hybridization on enbryonic and
fetal erythrold tissues.  Double fabel in sine hybridizations were
performed with the indicated probe sets on 105 day blood {(A-D) and
13.5 day fetal liver cefls {E) as described in mateeial and methods, Three
szparate images are shown for each kybridization; left panels, red signal;
right panels, green signal; middle panels oveslay of red and greea. A §
inred and cin green. B. BH1 inred and &y in green. C. Bmaj in 1ed and
£y in green. . Bmin in sed and £y in green. E. Pminin red and fmaf in
green. The figures are composites of CCD images which represent a
single fecal plane and therefore may not show both locé from an
individual cell in focus.

In site transeription analysis of the { and or genes in
embryonic cells demonstrates that both genes are
transcriptionally aclive as expected bui also reveals a
high percentage of double signals in cis starting at 90%
in 9.5 day red cells and decreasing to around 70% at
11.5 days (Fig. 4C). The percentage of o genes with a
signal remains fairly constant around $0% throughout
the embryonic perfed but the percentage of £ gene

signals decreases from 99% of afl £ gencs at 9.5 days to
80% at 11.5 days (blood), resulting in fewer double
signals and more single & gene signals. As in the §
locus the pattern of transcriplional activity of the genes
in the o locus does not remain static from 9.5 to 115
days.

&, PHI and & gene transcription is restricied to
primitive erythroid cells

The same probes were used to analyze gene
transcription in fetal liver erythroid cells at 11.5 and
12,5 days of gestation (Fig. 4A-C). Livers were
isolated from fetal mice at the time points indicated and
gently disrupted and prepared for in situ hybridization
as described in materials and methods. In siti analysis
of 11.5 and 12.5 day fetal liver cells shows that the
Pmaj and Pmin genes are now the most highly
expressed genes which is in agreement with the S1
analysis (Fig. 2A). At 11.5 days there is a small
percentage of erythroid cells which continue to
transeribe the gy, BHi and § genes in the fetal liver
preparations (Fig. 4A-C). It varics from one
preparation (o the next (average 15%) but by 12.5 days
it is reduced to near zero. fn situ analysis in 12.5 day
peripheral blood in which greater than 75% of the cells
are nucleated primitive erythrocytes shows  that
transcription of the globin genes is dramatically
switched off {(not shown). The near complele
disappearance of ey, BHI and § gene signals in the 12.5
day fetal liver preparations (Fig. 4A-C) suggested that
those signals in the 11.5 day fetal liver preparations
arose from contaminating embryonic erythrocytes. In
addition the cells which display foct for the ey, fHI
and § genes in the 11.5 day fetal liver slides are
microscopically distinct from the bulk of fetal liver cells
since they display a high depree of autofluoresence, a
charagcteristic of embryonic cells,

We confirmed that these cells were indeed embryonic
and not fetal derived by three separate experiments.
Hybridization of 11.5 day fetal liver slides wilh probes
for ey, {and maj show that a small percentage of
autoflucrescent erythroid cells (~15%) transcribe both
the ey and PHI genes indicating that their expression is
resiricted to a sub-population of cells in the fetal liver
preparations (Fig. 5A.C). Transcription signals for
mouse { and ey in cells from 1.5 day fetal liver
preparations from a homozygous transgenic Hine which
contains a single copy of the human B globin, were
completely separate from the cells which had
transcription signals for the fetal restricted human §
gene (Wijgerde et al, 1995) (not shown)
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Figure 4. Quantitation of loci with single versus double in sity primary transcript signals during embryonic and fetal development.
Double label in sitic iybridizations as shown in figure 3 were quantitated and plotted as the percentage of loci with single versus
double signals at the timepoints indicated. A. £y versus BHL. B. gy versus fmaj. C. § versus o. D. Pmaj versus Pmin. The
values represent the percent of individual loci with detectable single or double signals.
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Figure §. Primary transceipt in sine analysis of 11.5 day fetal liver preparations. Cells were hybridized with; A. § in red and Bmaj
in green. B. ey in green and Pmaj in red. C, Lin red and €y in green. Note the relatively high autofluorescence in cells
transcribing £y and/or § genes compared to the cells transcribing the fmaf gene.

Finally, fn sitw analysis of 11.5 day blood and fetal liver
cells from an EKLF" mouse with ey and Pmaj probes
showed that the fack of Pmaj transcription due to the
EKLF knockout (Nuez et al., 1995; Perkins ¢t al.,
1995) did not lead to the appearance of £y transcription
foci in the fetal liver cells. This indicates that the ey
gene is silenced and not in competition with the Pmaj
gene in fetal cells (data not shown). Interestingly, Pmaj
transcription foci were not present in the EKLF"
embryonic blood cells indicating that franscription of
the B maj gene is dependent on EKLF activity in
primitive cells. We conclude from these experiments
that the cells with mouse £ andfor gy and by inference
those with PH!I signals, are cmbryonically derived
erythroid cells and that transcription of these genes is
restricted to the primitive lineage and does not oceur in
true definitive cells.Globin  gene transcription in
definitive crythroid celfs

Presumably the mouse {, €y and PHI genes are
autonomously silenced during erythroid development as
are the human € (Raich ¢t al., 19%0) and { genes
(Liebhaber ¢t al., 1996). Definitive cells derived from
the fetal liver express only the af and o2 genes from
the ¢ focus and the Bmaj and Pmin genes from the B
locus.  As mentioned previously the ol and o2 genes
arc highly homologous even in their intervening
sequences precluding the use of gene-specific intron
probes to distinguish them.

The Bmaj and Bimin Intron sequences are divergent and
gene-specific probes were used 1o detect primary
transcripts from these genes separately in double Fabel
in sitn hybridizations (Fig. 3E). Quantitation of both
Bmaj and frmin signals together shows that signals are
detecied at 95% of the loct in 13.5 day fetal liver
indicating that the probe efficiency is very high (Table
2). Separate quantitation shows that 92% of the Pmaj
alleles and 85% of the Pmin alieles have primary
transcript signals (Table 2). Approximately 80% of the
loci have Pmaj and Pmin signals in cis (double
signals), 10% have Pmaj alone and 3% have fmin

alone (Fig. 4D). A cell by cell analysis shows Lhat in
approximately 17% of the cells transcribe a different
combination of genes while the trans-acting factor
envirenment is the same (Table 2; indicaled by *). The
results from fetal liver cells from [2.5-15.5 days show
thet the percentage of Pmin transcription focl is
declining during development (Fig. 4D} which fits well
with the previousty reported changes in levels of beta-
major  and  beta-minor proteins  during  fetal
development (Whitney, 1977; Alter and Goff, 1980;
Wawrzniak and Popp, 1987).

Co-activation or alternating single gene activation

The relatively high percentage of double signals in the
mouse ¢ and B loci suggest that the mechanism of
multi-gene expression in these loci may be different
from that proposed for the human P locus. In the
human B locus the LCR is thought to flip-flop between
genes to allernately activate transcription. Primary
transcripl fn site hybridization analysis of y and [
transcription in the early fetal liver cells showed that
B5% of the loci have single gene signals (Wijgerde et
al., 1995). The fact that nearly all cells had human ¥
and B mRNA in theic cytoplasm indicated that
alternation must occur and suggested that the small
amount of double signals were due to a recent switch
from yto § or vice versa. The results from the mouse o
and B loci could be interpreted lo indicate that
transcription is co-initiated from multiple globin genes
in cis in most cells. However, there are two indicalions
from the data that conlest this conclusion in the case of
the [} locus, Firsily, a significant proportion of the cells
has loci, which are responding differently to the same
trans-acting factor environment (38% at 10.5 days and
18% at 13.5 days, Table 2). Sccondly, therc is a
significant proportion of foci with only single gene
signals (38% at 10.5 days and 14% at 13.5 days, Fig.
4D and Table 2). These resufts suggest the possibitity
that the individual genes in the mouse f locus may be
alternating, however if true allernation must occur
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moze often in the mouse locus than in the human B
[ocus.

We therefore designed an experiment to provide further
cvidence of co-initiation or alternating transcription of
multiple genes in the mouse globin loci making use of
the inhibitor of transcriptional elongation DRB (5,6-
dichloro-1-B-D-ribofuranosyl-benzimidazole). Previous
studies have shown that DRB does not affect initiation
of transcription (Fraser et al,, [978,; Marshall and
Price, £992) but prematurely aborts elongating
transcripts 400-600 bp from the initialion site (Chodosh
et al., 1989; Marshall et al., 1996) by inhibiting the
activity of the P-TEFb kinase which phosphorylates the
carboxy terminal domain (CTD) of Pol H (Marshall et
al., 1996}, The effect of DRB treatment on globin gene
transcription in mouse erythroleukemia cells has been
reported previcusly (Tweeten and Molloy 1981), The
results demonstrate that DRB  causes premature
termination without affecting initiation of transcription.
This was tested in {ransgenic DRB treated mouse fetal
liver cells using in sirw hybridization with promoter-
proximal and -distal probes to the human y- and J-
globin primary transcripts {Gribnau et al., submitted).
In sitie signals with probes that hybridize to intron 1,
located in the first 300 bases of the primary transcript
are still visible after |5 minutes of DRB (reatment,
whereas probes that hybridize to intron 2, 600-1200
bases 3' of the initiation sile are no {onger visible after
7 minutes of DRB treatment.

What makes DRB inhibition of elongation useful is the
fact that it is reversible allowing elongation lo proceed
normally after removal of DRB. We reasoned that if
co-initiation was occurring in the roughly 85% of loci
that have double signals then restoration of elongation
after DRB treatment shoufd result in the near
simultaneous reappearance of single and double gene
signals using probes which hybridize to a distal region
of the primary transcript (intron 2). If alternation of
transcription is the cause of the double signals then
single signals should appear first afier washing out the
DRB and be followed by the reappearance of deuble
signals after a lag that reflects the extra time required
to produce a second signal in cfs,

We isolated 10.5 day blood cells and pulse treated them
with DRB as described in malerials and methods. We
assayed the reappearance of intron 2 primary transcript
signals by taking aliquots at the indicated times after
washing out the DRB and quantitated single and double
signals. The cells in the untreated panel (Fig. 6A)
show the normal distribution of single versus double
signals for the § and o genes. After fifteen minutes of
DRB {reatment no primary transcript signals are
detectable (Fig. 68}, Five minutes after removal of the
DRB primary transcript signals are again detectable at
approximately 50% of the erythroid loci with single and
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deuble signals reappearing at the same rate (Fig. 6C,E),
After 20 minutes greater than 90% of the loci in the
DRB treated cells show detectable signals compared to
untreated control cells indicating that the cells recover
quickly and are not adversely affected by the elongation
block (Fig. 6D,E). It is important to point out that the
reappearing signals are therefore detected in a subset of
recovered cells and are not spread randomly throughout
the entire poputation of cells or loci, The fact that the
amount of double ({fo)) versus single (§ or of) signals is
the same as in the untreated cells and that this is
maintained regardless of the number of cells that have
recovered (Fig, 6K), suggests that a co-initiation
mechanism may explain multi-gene expression in the
mouse of locus, However a transcriptional mechanism
which involves very frequent alternations (ie.
alternations occurring every minute for examaple) would
give the same result. We have determined the lifetime
of globin primary {ranscript signals in the presence of
DRB or actinomycin . The primary transcript signals
fade to undetectable levels 7 minutes after addition of
the inhibitor (Gribnau et al., submitted) which means
that if alternations occur frequently, i.e. on a time scale
of fess than 7 minutes, then ncarly all signals would
appear as double signals.

The same DRB treated cell aliquots were hybridized
with intron 2 probes for mouse gy and BHI primary
transcripts. Here again cells recovered quickty from the
DRB reatment (40% after 2.5 min and 90% after 10
min) as measured by the number of celis with {wo
actively transcribing pB-globin chromosomes per cell.
The results for the P genes were sirikingly different
from those of the o genes (Fig. 6K). Singte ey and pH1
signals reappear and reach near maximal levels within
five minutes after washing out DRB (Fig. 6H,J). In
contrast, reappearance of the double signals lags
significantly behind and reaches its maximum only
after 7.5 minutes (Fig. 6J,K). In addition, the single
signals Initiatty increase and then deercase suggesting
that they are being converted to double signals, After
{0 to 20 minutes the refalive amounts of double versus
single signals are very close fo control values (Fig. 6K).
These results are consistent with an alternating
mechanism of multi-gene expression in the mouse f§
locus, This type of mechanism suggests that the double
signals on the same allele arise in loci, which have
switched from one B gene to the other in the last 7
minutes (as indicated by the 7 minute lifetime of the
primary transcript signal in the presence of inhibitors
of transcription). Thus an individual gene would be on
for little more than 7 minules at a time on average,
which is similar to that observed in the human f-globin
locus (Dillon et al., 1997).
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Figuee 6. Kinetic analysis of reappearance of primary transcript signals after DRB inhibition of efongation. 10,5 day blood cells
were pulse treated with DRB as described in materials and methods and hybridized with mouse § and o globin primary transcript
probes (A-DY and mouse gy and PHI primary transcript probes (F-I). Quantitation of single and double signals are presented from
the indicaled timepoints in panels E ({ and o) and J {(gy and BHI}. Curves were normalized to the maximum values for single and
double signals. A, F. Prior to DRB treatment. B, G. Cells treated with DRB for 15 minutes. C, H. 5 minutes after washing out
DRB. D, L 20 minutes aller washing out DRB, K. These curves show the percentage of double signals on one allele with or
without DRB treatment, Dotled green line: percentage of Lfu double signals in untreated cells as a function of time. Solid green
line: as above but for DRB treated cells after release of DRB, Dotted red line: percentage of ey/BH1 double signals in untreated
cells. Solid red line: as above but for DRB treated cells after release of DRB treatment, The data represent the results of a single
experiment, which was repeated three times yielding essentiatly the same curve shapes with the same relative positions to each
olther, but differed skightly in their position along the x-axis, reflecting the inherent difftculiies in obtaining short lime points,
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Discussion

We have used a combination of $1 nuclease protection
assays on {otal RNA and primary transcript in situ
hybridization in erythroid cells to analyze the gene
expression and transcription patterns of the murine o
and B globin genes. The results show that mRNAs
from the embryonic ey, BHI and { globin genes are
expressed at high levels in primitive erythroid cells and
are still detectable at low levels in the early fetal Hver
until 12.5-14.,5 days of gestation. Primary transcript in
site hybridization indicates that the small amount of
resideal expression of these genes in early fetal liver
preparations is due {o the presence of a sub-population
of cells that transcribe both the ey and ¢ genes. These
cells display a high degree of autofluoresence and do
not lranscribe the fetal restricted human B gene
indicating that they are circulating embryonic cells and
not true definitive cetls derived from the fetal liver. We
conclude from this data that transcription of the gy,
BHI and ¢ globin genes is restricted to the primilive
crythroid lineage.

In comirast, the «f, a2 and {o a lesser extent the fmnaj
and fmin genes are expressed in the primilive lineage
and are the only globin genes expressed in definitive
cells. al and «2 mRNA makes up approximately 50%
aof the embryonic « globin at 10.5 days whereas Pmaj
and Pmin expression is approximately 6%6. In the case
of the B locus where all four genes are distinguishable,
the results show that they are transcribed at
frequencies, which are inversely proportionat to their
distances from the LCR. These resulls are reminiscent
of those of Dillon et al., (1997) in which a marked
gene was placed at different positions in the human
globin locus and the effect of distance on transcription
of the inlroduced gene and the other globin genes was
measured.  The results showed that altering the
distance of a gene from the LCR had an effect on the
frequency of transcription of that gene. An LCR
proximat gene was transcribed more often than a distal
gene with reciprocal consequences for the remaining
downstream genes in the locus,  ‘Those results
suggested that the LCR activates gene transcription by
forming direct chromatin interactions with gene-local
regulatory elements and that the frequency of contact
between {wo or more competing genes and the LCR is
controlled in part by differences in distance.

The results highlight an important difference in the
pattern of developmental regulation between the mouse
and human P loci. In the mouse locus fmaj and Bmin
gene transcriplion is activated in the primitive lineage,
whereas human § gene transcription is restricted to
definitive erythroid cells in transgenics. The human p
gene is thought to be silenced in primitive cells in part
through competition for the LCR by the more LCR-
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proximal € and y genes. A compelilion mechanism
could also be operating in the mouse §§ globin locus,
which is supgested by the DRB experiments, and could
account for the observed inverse correlation between
percentage of transcriptionally active genes and
distance from the LCR in primitive cells, One might
expect from these results that if the human 8 gene in its
distal location in the locus is activatable in primitive
erythroid cells then some transcription should be
detected in sine.  Clearly the human B gene is
aclivatable in primitive cells when placed next to the
LCR (Enver et al,, 1990; Hanscombe et al., 1991} or in
the position of the € gene (Dilfon ef al., 1997) but not in
its wild type location (Wijgerde et al., 1995} or when
placed just 5° of the 3 globin gene (Dillon et al., 1997),
These results suggest the possibility that the distal part
of the human locus which contalns the 8 and B genes is
not accessible to LCR activation in primitive cells.
This concept is supporied by results fromt multi-copy
transgenic mice which contain head-to-tail fandemly
integrated copies of a complete 7¢ kb human globin
locus in which the 8 gene is juxtaposed on the 3° side
by an LCR (Milot et al,, 1996). These mice do not
express } mRNA in the primitive erythroid cells even
though the P gene would be closer to the downstream
LCR than the ¥ genes. It is imporiant to note here that
the LCR can activate the B gene in a 5 kb fragment
when it is placed 5' of HS5 (Zafarana et al., 1995} i.e.
it works in both orientations. Taken together with the
resulls presented in this paper which indicate that the
Pmaj and Bmin genes are partially suppressed but not
silenced by gene competition in primilive cells, it
suggests that the human § gene is stlenced in primitive
cells through another mechanism which may involve
epigenetic chromatin modification (Fig. 7). 1t has been
proposed long ago that the human [ locus may be
divided jnto distinct chromatin sub-domains (see
Collins and Weissman and references therein). This
idea gains support from experiments with somatic cell
Rybrids between primitive transgenic erythroid cells
and MEL cells which show that y gene expression is
relained through several hybrid cell divisions before
evenually switching to f§ expression (Papayannopoulou
et al,, 1986; Stanworth et al,, 1995; see also Fraser et
al.,, 1998). The above discusslon is not intended to
suggest that competition plays no role in transcriptional
regulation of the [ globin genes, Competition is clearly
operating in the human locus when multiple genes (or
domains) are activatable, such as in primitive cells
between € and ¥ and in early definitive cells between ¥
and .

The DRB experimenls presented here suggest that
alternating transcriptional activation of the mouse [
genes is occurring which may be indicative of gene
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competition for the LCR. Thus the results presented are
most  easily explained by the direct chromatin
interaction mechanism between the LCR and an
individual B gene that has been proposed for the human
B locus. We propose a model in which the entire
mouse P locus is accessible to LCR activation in
primitive cells and that the individual genes are
transcribed at  frequencies which are inversely
proportional to their distance from the LCR due largely
to gene competition (Fig. 7). In definitive cells the ey
and BHI genes are no fonger activatable due to
silencing which may invelve chromalin modification
allowing the adult gencs 1o be tramscribed more
frequently. Thus we propose (hat switching in the
mouse locus involves shutting off the embryonic genes.
In contrast, the switch to definitive erythropoiesis in the
human transgene § [ocus involves “opening up” of the
adult &3 domain through chromatin modification,
making it accessible to activation by the LCR in
competition with the ¥ genes.

The DRB results with the mouse o locus are more
difficuit to interpret but are clearly different from those
of the B locus. The results of targeted disruption of the

L and «l genes by insertion of a PGK-Neo cassette
(Leder ¢t al., 1997) are strongly indicative of gene
competition for the oMRE. Insertion into the § gene
had a more profound effect on ol and o2 gene
expression than did insertion into the el gene, clearly
indicating that relative position of the PGK-Neo
casseite with respect to the oMRE is important. It has
been firmly established that insertion of an activatable
promoter (or gene) beiween a regulatory element and
its normal targel promoter leads 1o decreased activation
of the downstream gene (Kim el al., 1992; Fiering et
al., 1995; Hug et al., 1996; Pham el al,, 1996; Dillon et
ak., 1997) indicating that gene order and/or relative
distance from the regulatory clement are key
parameters in determining the compelitive ability of a
gene. We cannot conclude that the mouse « genes are
alternately transcribed from our results, however the
accumnulated data suggest that they may be frequently
alternating in a competitive mechanism for interaction
with the oMRE, Obviously experiments which are able
to show a direct interaction between the LCR or cMRE
and an individual gene will allow firm conclusions
regarding this lype of mechanism.

iy

embryonic biood

543@

ll l ll gy  BH1  pma] pmin

BB M r

early fetal tiver

Wil m Af oAb

Figure 7. Models of developmental switching in the mouse and human B globin foci. Schematic diagrams of the mouse {feft) and
human (right) B globin loci are shown during embryenic (top) and early fetal (bottom) erythrepoiesis. Vertical arrows denote
DNase [ hypersensitive sites of the LCRs. The cucved arrows signify an interaction between the LCR and an individual globin
gene. The relative thickness, of the arrows represents the percent of transcriptionally active genes in the population of erythroid
cells. Open boxes represent activatable genes. Closed boxes represent genes which are silenced or in an inaccessible chromatin
cenformation (or both). Gray boxes (¥ genes, felal liver) reflect the possibility that the ¥ genes in some early fetal liver cells may

be silenced {i.e. cells committed to [ transcription; Wijgerde et al., 1996).
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Materials and Methods

Preparation of RNA and $1 Nuclease protection assay.

RNA was prepared from 10.5 embryos, 12.5 and 14.5
day fetal liver and aduit blood and subjected to St
nuclease assay as previously described (Weaver and
Weissman, 1979). The ey, BPH1 and adult B probes used
“were those described by Lindenbaum and Grosveld
(£990). The mouse o« and & probes were a 300 bp
BamHI fragment from plasmid GSE 1454 and a 300 bp
ApaVAvall fragment subcloned from cosmid c¢ML1
(Kielman et al., 1996) respectively. S1 nuclease
prefecied bands were quantitated using phosghorimage
analysis (Molecular Dynamics).

Primary transcript in situ hybridization

Primary transcript in site hybridization to detect
transcriptional activity of the mouse B globin genes in
9.5, 10.5, 1.5 day bloed, 11.5, 12.5 and 13.5 day ferat
liver cells was performed as described by Wijgerde et
al.,, (1995). Embryonic blood cells were collected in
PBS, fetal liver cells were disrupted in PBS (by
pipetting up and down several times) and spotted on
poly-L-lysine coated slides. Slides were placed in
fixalive (4% formaldehyde, 5% acetic acid in saline) for
20 minutes at room temperature then washed three
tirnes in PBS at rcom temperature and stored in 70%
cthanol at -20°.  Slides were pre-treated for
hybridization by rinsing in tris/saline (0,IM tris, pH7
and 0.85% saline} and incubated in 0.01% pepsin,
10mM HCI, 37°C. for 5 min. The slides were briefly
rinsed in H;O and fixed again for 5 min, in 3.7%
formaidehyde in PBS at room temp. Alter a PBS wash
slides were dehydrated in ethanol (70%, 90% and
100% respectively 3 min. each).  Slides were
hybridized in 25% formamide, 2x8SC, ImM EDTA, 5x
Denhardt, 50 mM NaH;PO/NaHPO, (pH7.0) and 200
ng sheared salmon sperm DNA using 1-5 ng/ul of the
appropriate oligonucleotide probes at 37°C. overnight.
After hybridization stides were washed in PBS for 30
min at 37°C. and briefly rinsed in TST (tris/saline with
0.05% tween 20), The slides were then incubated in
tris/saline containing 1% blocking reagent (TSB)
{Bochringer) for 30 minutes at room temp. The slides
were subsequently incubated with TSB containing the
appropriate primary antibody (or Avidin D texas red for
biotinytated oligos) for 30 minutes at room temp and
washed 2 times for 3 min. in TST, The previous sieps
were repeated with fluorescently labeled secondary
{biotinylated goat anti-avidin I} for biotinylated oligos)
and fertiary antibodies. Afler the final washing step the
slides were dehydrated {70%, 90% and 100% ethano),
air dried and mounted with a [:1 mixture of 1%
DABCO, 0.4pM DAPI (sigma), 90% glycerol, 0.02%
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sodium azide 10mM tris (pH 8.0) with Vectashicld
{Vector labs),

Quantitation of primary transcript signals was done by
counting at least 400 cells for each timepoint using an
epifiourescence microscope (Leitz).  The figures
presented  were created with a CCD  camera
(Hamamatzu),

Oligonucleotide probes

Antisense oligonucleotide probes which recognize the
intronic  sequences of the respective globin gene
primary transcripts were labeled with digoxygenin,
dinitrophenol or biotin haptens at both ends and in the
middle as indicated.

gy -4 (digoxygenin)
CTCAGAATTCTTGATTTCCCTAGCTCTTTGTACA
CTAAAAAACAATTICTT
CAGCCATTCACTGTCACCCTTACTGGGACCAAT
TAATTAACTTTGACAGC
ACTTCTCTTCATATTACTCTCCATATAAATCCAT
GATAAATTTTATCACG
GTTGTCTTGCAAGACTTTTCTTCAACATCAATA
AATAGGACCGCGCAAAA

pH! -4 (biotin)
CAAAACCCTATAGAAACCCTGGAAATTTCTGCC
ATGCATAAGGATAATTT
TGGACCCATGGACTCTAACATCTGTCAAGGCAT
TGCCAATCACAGTCTCA
AAATGCTGGGCGCTCACTCAAATCTGCACCCAA
ATCATTGTTGCCCACAA
GCATAGATGTATTAATTTATAAAAACATACTCC
TTTTTAAAAAAGATCCA

Pmaj 2-4 (dinitrophenol)
GAACTCTTGTCAACACTCCACACACAGTCATGG
AGACTGCTCCCTAGAAT
ATGGGAAGTAAATAACCAGAGCTTAATTAATTT
AGTAAAATGCAACTGGA
GACAAATTATTATAAGAATCCTATGTCAAACAG
AATTTATATGTAAAATA

Broin t-4 {biotin)
TATGAAGTAGAGCAACAATACAAGATGCTGAA
GGCCGATTTCAAATGGAA
ACTGTGGAAAGGATCAGAGAATCATTTATCTTT
TTGTCCTCAGAGTAAGA
AAAAAAGAATTATTCTATGACACACAAAATTTA
GCCACAAAATATACTCT
GGTAAAATGGCAGCTGGGTTCTACTGGTCAATT
TTGATAAGAATTATICT

£ 1-5 (biotin)
CCTTCTCAGTGGCTTCTCCTCACTAACTGCTCTT
TGTCACTTCTGTCTC
ATGGAAGACTCTGGTGAGCTCTGTGAATGCCAG
CCCACCTCCTTTAGTA
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ACAACCCCAAGAGTGATGTTACTATTTGCTGTT
GCACAAGGGTCTACA
AAGGGGATTTGATGCCTCCAGCCTCCAATGGCA
CCCATGCCTGCGCTCG :

o -3 {digoxygenin)
TCACAGAAAAGCATAGTTAGAAGCTGCCCACT
GAGCCGAGTGCCAGGTCCAT
TAGCCCTTCCTAGGGGTCCCAGATGCCGCCTGC
CAGGTCCCT
GCTCCCCTTCCTGGGACCACTATGTTCCCTGCC
TTGGGCACGAGGACCCT

Reversible inhibition of elongation with DRB

Blood was collected from 10.5 day embryos in PBS and
dituted to approx. 10° cells/ml. Half of the cells were
treated with 100 pM DRB (5,6 dichloro-1-B-D-
ribofuranosylbenzimidazole, Sigma) for 15 minutes at
37° C., the other half were used as unireated controls,
The cells were then difuted with several volumes of ice

cold PBS, spun at 200 g and washed two more times
with ice cold PBS and resuspended in PBS at approx.
10° cells/ml at 25°C. Aliquots were removed at 0, 2.5,
5, 7.5, 10, and 20 minutes after washing, spotted onte
poly-L-lysine slides (Sigma) and prepared for in situ
hybridization as described.
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Concluding remarks

Our understanding of chromatin structure in relation to the regulation of gene expression has
become exceedingly enriched during the last few years. When this research was initiated
much was known about the regulation of the genes in the human f-globin cluster; the LCR
was identified as the dominant regulator of the locus and transgenic mice containing a single
copy of the human locus had been generated (Strouboulis et al.,, 1992; Peterson et al., 1993:
Gaensler et al,, 1993), The use of small constructs in transgenic mice revealed that the
individual genes are competing for activation by the LCR and that a gene closer to the LCR
had an advantage over a gene that was located further away from the LCR (Hanscombe et al.,
1991). From these experiments it was hypothesised that the LCR might loop out the intergenic
DNA to interact directly with for instance the regulatory region of a gene, to activate it, In
such a model (Fig. 9) the expression levels of a gene are controlled by two parameters; the
frequency of LCR-gene interaction and its stability.

Within the last four years we have been able to study these parameters in greater detail; the
effect of frequency of interaction was tested in transgenic mice carrying a single copy of the
complete locus that contained duplicated B-genes. Two different lines were generated in
which the position of the second B-gene was different (chapter 4). Since these duplicated -
genes have the same regulatory regions there is no effect of differences in stability, enabling
us to study the effect of the relative distance of a gene to the LCR in which the distance of a
gene lo the L.CR determines the frequency of that gene to becomes activated.

We have shown that a gene more proximal to the LCR is activated with a competitive
advantage over a more distally located gene and that the level of expression is proportionat to

the frequency of transcription periods

The stability of the LCR/gene interaction was studied in mice containing a copy of the human
(-globin locus together with a disruption in the EKLE gene, an erythroid transcription
(Wijgerde et al., 1996; Perkins et al., 1996). A reduction in the levels of EKLF resulted in
decreased levels of [i-gene expression with a concomitant increase in y-globin expression
levels. In a looping model this could indicate that EKLF is involved in the stabilisation of the
L.CR-gene interaction.

These data together with the data from experiments described in chapter 5 and 6, show that
the activation of genes in the globin locus is conserved during evolution and that the LCR
activates only one gene at a time. They all support a looping mode! as a mechanism for gene
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activation in the human J-giobin locus. The best evidence for such a model has to await the
actual visualisation of the LCR/gene interaction - an idea that is technically challenging at

present.

Histone acetylation has not as yet been studied in the human or mouse B-globin loci. It will be
interesting to investigate the effect of histone acetylation in these loci. From experiments on
the chicken B-globin locus, it became clear that the general DNase I sensitivity in this locus
correlates with histone acetylation (Hebbes et al., 1992, 1994). It will be important to clarify if
histone acetylation in the human locus similarly accounts for the general DNase I sensitivity
observed in erythrocytes and what role the LCR plays in establishing this'', by analysing the
mice with deletions in the individual hypersensitive sites {chapter 3). The identification of
proteins involved in promoting histone acetylation in the B-globin locus could guide these
experiments. An attractive candidate for such a protein would be the erythroid specific

transeription factor EKLFE,

In chapter 3 we describe the analysis of transgenic mice containing different deletions of
individual hypersensitive sites of the human B-globin LCR. The result of such alteration to the
LCR on the expression of the different globin genes is not dramatic. However, when such a
transgene lands in or near heterochromatin'? it no longer expresses the globin genes in a
position-independent manner, the transgenes are subject to position effects (PE) and it appears
that the LCR upon mutation loses its ability to overcome the repressive effects of
heterochromatin. These transgenic mice allow us to study the organisation of heterochromatin
and the organisation of the nucleus in mammals in vivo, Similar studies with the endogenous
mouse P-globin locus may complement the data from transgenic mice with the human p-
globin locus. These findings may help to elucidate the complex mechanism of
heterochromatin formation with the added advantage that in this case the locus is being
studied in its appropriate genomic context/location.

Using embryonic stem cell technology, deletions were made of individual hypersensitive sites
of the murine LCR (Fiering et al., 1996; Hug et al, 1997; Trimborn et al., chapter 6). The
effect of the different deletions on the level of globin transcription were minor (10-30%
reduction in gene expression) and comparable to the deletions in the human locus. However, it

will be important to show what causes the reduction in transcription levels.

"' Note that in the absence of the LCR the locus is not sensitive to DNase I (Kioussis et al., [983).
12 The centromere is the only defined region in the genome, which is known for sure consists largely of

heterochromatin,
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Studies in which these LCR deletion mice [of the human locus as well as of the murine
globin locus] are crossed with mice that have increased or decreased levels of mammatian
homologues of the Pc-G proteins will add to our understanding of the mechanism of
heterochromatin formation. Since we can monitor transcription in individual cells for the
different mutant LCR transgenes that are integrated in or near heterochromatin, the effect of
thé different levels Pe-G or Trx-G proteins can be studied in vivo.

Recently it was demonstrated that the Ikaros proteins, which were originally described as
being transcriptional regulators, localise to discrete heterochromatin—containing foci in
interphase nuclei (Brown et al,, 1997). Ikaros is a DNA binding, zinc-finger protein with a
Kriippel-like domain with target genes mainly in the lymphoid associated genes. Tkaros null
mutants lack B cells and show aberrations in T lymphocyte development and a severe
hematopoietic phenotype (Wang et al, 1996). The fact that Ikaros is localised with
centromeric heterochromatin and furthermore that Ikaros is mainly co-localised with inactive
genes suggested that Tkaros might recruit transcriptional active genes/domains to a repressive
environment. It could be that an Ikaros {like) protein is involved in the silencing of the
transgenes described in chapter 3 that suffer from position effects.

The [3-globin LCR is a collection of five developmentally stable hypersensitive sites that have
been conserved during evolution, as was shown by the fact that the mouse B-globin LCR is
very similar in sequence, structure and also in its function to the human B-globin LCR
(chapter 6). One cannot dissect the LCR without adverse effects, relatively small deletions
result in the foss of the LCR’s prominent feature: expression of linked genes, independent of
the site of integration in the host genome. However, if the LCR is intact it seems to be capable
of competing successfully with the repressive environment of heterochromatin. This hints at a
highly selective pressure for conservation of the LCR elements during evolution.
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Summary

Summary

The human §-globin locus serves as a model system to study the dynamics of chromatin in a
multi-gene locus, The locus consists of five developmentally regulated genes, and these genes
are arranged in the same order as they are expressed during development (5™ €, ¢ v, A v 8, B -
3. Upstream of the e-gene is the locus control region (LCR. The LLCR was identified as
having DNase 1 hypersensitive sites, and was shown to be important for the correct
developmental expression of the B-globin genes. The LCR confers position-independent, high
level and copy number dependent expression to linked transgenes in mice,

Several models have been proposed to explain the mechanism of transcriptional activation by
the LCR, all these models have in common that the LCR is thought to create an open
chromatin conformation. The scanning model assumes that the “activating machinery"
traverses along the DINA activating the first gene that it encounters. The random activation
model proposes that the (ranscriptional environment determines random activation of the
different genes. The looping model presames that the LCR stably interacts with individual
genes, thereby activating it. Since the distance of the LCR to the genes varies from 5-50 kb it
is thought to loop out the intervening DNA., This model predicts that there are two parameters
that are important for the level of a given gene: the frequency of LCR/gene interaction and
the duration of this interaction (stability)

The looping model has been the working-model in our lab. Recent experiments have all
provided additional proof to this idea of transcriptional regulation by the LCR,

The frequency of productive LCR/gene interaction was suggested to be determined mainly by
the relative distance of the LCR to the different genes. In chapter 4 this idea was tested in
transgenic mice by placing a second (marked)} B gene at different positions in the globin
locus. The results showed that placing a gene in a proximal position (to the LCR) results in
that gene being transcriptionally activated more often and at the expense of the downstream
gene (Dillon et al.,)

The stability of the LCR/gene interaction has been proposed to depend on the transcription
factor environment. Targeted disruption of EKLF indicated that reduced levels of this
transcription factor results in a decrease in transcription of the B-gene (due to lower
LCR/gene stability) with a concomitant increase in active ¥ transcription (y gene transcription
is known to be EKLF independent) {Wijgerde et al., 1996).

Using novel kinetic analyses we have shown that the human B-globin genes, as well as the
mouse [-globin genes are activated via an alternating single gene transcription mechanism. In
other words, the LCR activates only one gene at a time (chapter 5 and chapter 6).

Recently we have shown that the mouse B-globin locus is transcriptionally activated in a
manner very similar to the human locus. Suggesting that this type of regulation is
evolutionary conserved and might be observed in other multi-gene loci (chapter 6).
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Samenvatting

Samenvatting voor vrienden

Het onderzoek waar ik de laatste 4 jaar bij betrokken ben geweest, richt zich op de B-globine
genien en met name op de vraag hoe de activiteit van deze genen gedurende de ontwikkeling van
de mens gereguleerd wordt, Ik zal in deze samenvatting allereerst uitleggen wat onder de term f3-
globine verstaan dient te worden en vervolgens wat het belang, de doelstelling en de resultaten
van het onderzoek zijn geweest en hoe één en ander in dit proefschrift is terug te vinden.

Organismen —zoals bijvoorbeeld bacterién en mensen- zijn opgebouwd uit cellen. Bacterign
zijn eencellige organismen, de mens is opgebouwd uit meerdere cellen (drie miljard). Maar de
mens ontstaat vit €én cel, de zygoté, die ontstaat na de versmelting van de eicel met het
zaadje. Er vinden dus een groot aantal celdelingen plaats tijdens de ontwikkeling tot een
volwassen mens.

Nu is allang duidelijk dat deze celdetingen niet zomaar een verdubbeling van cellen inhouden,
cellen blijken namenlijk verschillende eigenschappen te hebben. Zo zijn er vroeg in de
ontwikkeling van een organisme verschillende categorieén cellen aantoonbaar; cellen die
uiteindelijk de huid gaan vormen, cellen dic uiteindelijk het bloed gaan vormen, etc. DNA
blijkt een belangrijke rol te spelen in het cotrdineren van de correcte ontwikkeling van de
verschillende cellen,

DNA is aanwezig in vrijwel alle cellen, Het zijn lange strengen moleculen, die chromosomen
heten. Een stukje DNA kan een boodschap bevatten, wat in feite een bouwplan is om een
eiwit te maken. Zo’n stukje DNA met een boodschap, oftewel een stukje DNA dat een eiwit
maakt, noemen we een gen, Het DNA van de mens bevat een groot aantal ( ~ 80,000) van dit
soort stukjes DNA (genen dus). Een stuk DNA met een aantal genen erop, die betrokken zijn
bij vergelijkbare processen noemen we een locus van genen,

De genen die ik bestudeerd heb maken het eiwit B-globine. Samen met o-globine vormt B-
globine het hemoglobine. Hemoglobine is een eiwitcomplex in onze bloedeellen dat er voor
zorgt dat zuurstof van de longen naar de verschillende organen in ons lichaam wordt
vervoerd.

Indien er iets fout gaat bij het maken van het globine eiwit onstaat er een bloedcel die deze
taak niet naar behoren kan uitvoeren. Er zijn twee groepen patignten met zulke bloedcellen:
patiénten die wel een globine eiwit maken, echter het eiwit heeft de verkeerde samenstelling
en functioneert daarom niet en patienten die helemaal geen globine eiwitten maken. In beide
gevallen de is aangetoond dat dit wordt veroorzaakt door foutjes in het DNA. Het doel van het
onderzoek is om te begrijpen hoe het het §-globine locus gereguleerd wordt,
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Het (-globine locus bestaat it vijf verschillende genen die gedurende de ontwikkeling van de
mens worden geactiveerd om het [J-globine eiwit te maken. Het gen dat de eerste acht weken
van de ontwikkeling actief is heet €. Vervolgens zijn tot aan de geboorte de genen %y en Ay
actief. Na de geboorte worden § en [} geactiveerd. Er zijn gedurende de ontwikkeling dus een

aantal stadia, dat er meerdere genen actief zijn.

Pe regulatie van de globine genen is, zoals voor een groot deel van alle genen, met name
afhankelijk van een stukje DNA dat direct voor het gen zit en promoter wordt genoemd. De
promoter van een gen bevat vaak cen aantal stukjes DNA waaraan eiwitten zich kunnen
binden. Het zich binden van eiwitten aan de promoter zorgt er voor dat het gen actief wordt of
juist inactief, afhankelijk van de eiwitcombinatie die zich op dat moment bindt, Een aantal
jaren geleden is aangetoond dat de globine genen naast de promoter ook athankelijk zijn van
een stuk DNA dat relatief ver van de genen ligt: de Locus Control Region (LCR). De globine
genen worden alleen op het juiste tijdstip geactiveerd of gefnactiveerd als er een LCR

aanwezig is.

De doelsteiling van het onderzoek waar ik de laatste vier jaar bij betrokken ben geweest was
voornamelijk het verkrijgen van meer inzicht in de activatie van de 5 verschillende globine
genen en de rol van de LCR in dit proces. Er was een model geformuleerd dat verklaarde hoe
de LCR de verschillende genen van het B-globine locus zou kunnen activeren. In dit model
functioneert de LCR als een eenheid en gaat het een interactie aan met de promoter van
slechts één globine gen. Door deze interactie wordt dit globine gen geactiveerd. Het DNA dat
tussen de LCR en het gen ligt vormt dan als het ware een lus en heeft geen functie. De totale
hoeveelheid genproduke die gemaakt wordt in dit model is afhankelijk van de frequentie (hoe
vaak gaan en de LCR en de promoter een interactie aan) en de stabiliteit van deze interactie
(hoe lang blijft de LCR vastzilten aan de promoter). Tevens impliceert het model dat als er
genprodukten worden aangetoond van twee verschillende genen, dit het gevolg is van een
wisselende activatie van deze twee genen (de LCR activeert bijv, eerst een aantal minuten het
v gen om vervolgens in dezelfde bloedeel het B-gen te activeren), De proeven beschreven in
dit proefschrift beproeven dit model aan de hand van experimenten met het menselijke p-

globine locus in muizen, maar ook door studie van het B-globine locus van de muis zelf.

Hoofdstuk 1 en 2 van dit proefschrift vormen de inleiding. Daarin wordt allereerst een
inleiding gegeven in chromatine (DNA ingepakt in eiwitten), hoe is het opgebouwd en wat is
de functie. Hoofdstuk 2 geeft een samenvatting van de literatuur van het B-globine onderzoek
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van de laatste 10 jaar. In Hoofdstuk 3 worden proeven beschreven waarbij de LCR gemuteerd
wordt en wordt het effect van deze mutaties bestudeerd. De LCR bestaat uit vijf eenheden, die
hypersensitive sites (HS) heten, HS1, HS2, HS3, HS4 en HSS5. We hebben bestudeerd wat het
effect is op de activiteit van de genen als één van de HS’s wordt weggehaald. De resultaten
faten zien dat het niet mogelijk is om stukjes DNA weg te laten uit de LCR, omdat de
verschillende globine genen dan niet meer naar behoren worden gereguleerd. De resultaten
suggereren dat de LCR inderdaad gezien moet worden als een eenheid die alleen zijn functie
uitoefent als die eenheid onaangetast is. In Hoofdstuk 4 hebben we onderzocht of de
frequentiec van LCR-gen interactie bepaald wordt door de afstand tussen de LCR en de genen.
In onze proef werd een extra gen op twee verschillende plaatsen in het globine locus geplaatst
en werd bepaald of de afstand tot de LCR van invloed was op de activiteit van het gen. Het
werd duidelijk dat de afstand inderdaad de frequentie van de de interactie tussen LCR en
promoter bepaalt, Het gen dat dichtbij de LCR geplaatst was, bleek veel vaker actief dan het
gen dat verder van de LCR was geplaatst. In Hoofdstuk 5 wordt aangetoond dat de LCR
slechts één gen tegelijk kan activeren. We zijn tot deze conclusie gekomen door een stofje te
gebruiken dat een gen kan uitschakelen, Door vervolgens dit stofje weer weg te wassen nadat
het gen uitgeschakeld is, kan het gen weer geactiveerd worden. Indien de LCR slechts één gen
kan activeren verwachten we direkt na het wegwassen van het stofje voornamelijk activiteit
van één enkel gen. Als de LCR echter meerdere genen tegelijk kan activeren verwachten we
direkt na het wassen activiteit bii meerdere genen. We hebben kunnen aantonen dat onze
hypothese, dat de I.LCR slechts één gen activeert juist is. In Hoofdstuk 6 laat ik zien dat het
mechanisme van gen-activatie geconserveerd is tijdens de evolutie. Het globine locus in de
muis, dat sterk lijkt op het globine focus in de mens, werd witvoerig bestudeerd. Ook in het
globine locus van de muis activeert de LCR slechts één gen door een interactic met de

promoter aan te gaan.
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List of abbreviations

Bp
DNA
gDNA

HEL
HS

| AA
Kb
Kb
K562
L.CR
MAR
MEL
Mb
Nm
PE

PEV
RNA

SAR
TF
TK
YAC
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Base pair

Deoxy-nucleic acid
Genomic DNA

Human erythroid cell line
Hypersensitive sites
Intervening sequence (intron)
Kilo base pairs (i.c. 10° base pairs)
Kilo Dalton

Human erythroid celi line
Locus control region

Matrix attachment region
Mouse erythroleukemia line
Mega base (10° base paits)
Nano meter

Position effect

Position effect variegation
Ribonucleic acid

Scaffold attachment region
Transcription factor
Thymidine kinase

Yeast artificial chromosome
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