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Proper expression of the human 3-like globin genes is
completely dependent on the presence of the locus control
region or LCR, a region containing four DNase hypersen-
sitive sites (HS1 -4) situated 5' to the structural genes.
Linkage of the LCR to a transgene results in copy
number-dependent transcription, independent of the site
of integration in the host genome. We have analysed a
small region of the LCR (HS3) in transgenic animals to
determine the minimal interactions that are required for
this property. The results show that a specific combina-
tion of a G-rich sequence flanked on each side by one
binding site for the transcription factor GATAl is essen-
tial to obtain position-independent expression of a linked
( globin gene in erythroid cells. The overall transcrip-
tional activity of HS3 is achieved through synergy with
other combinations of similar binding sites.
Key words: (-globin/GATAI/Hypersensitive 3/locus control
region/Spl/transgenic mice

Introduction
The proper expression of the human globin locus is
completely dependent on the presence of the locus control
region (LCR; Figure IA), which is located to the 5' side
of the (3-like globin genes. It is characterized by four
developmentally stable erythroid-specific hypersensitive
sites, HS1-4 (Tuan et al., 1985; Forrester et al., 1987;
Grosveld et al. 1987) that control chromatin structure over

a distance of at least 150 kb. Deletion of this region leads
to an inactive chromatin structure and silencing of the genes
(Kioussis et al. 1983; Forrester et al., 1990). In hindsight
it is therefore not surprising that an isolated globin gene
is expressed at very low levels, if at all, in the red cells of
transgenic mice (Magram et al., 1985; Townes et al., 1985;
Kollias et al., 1986). Perhaps more importantly, this low
level is dependent on the integration site in the mouse genome
and therefore virtually unrelated to the number of integrated
transgenes (see Perez-Stable and Costantini, 1990 and
references therein). This phenomenon, known as 'position
effect', has been observed for many genes and is thought
to be dependent on the combination of the regulatory
sequences of the transgene and the regulatory elements which
lie in cis to the integration site. In contrast, addition of the
LCR leads to full expression of each copy of a globin gene
in erythroid cells of transgenic mice, independent of the site
of integration of the transgene (Grosveld et al., 1987). The
formation of complexes between the LCR and the gene is

probably highly preferred in erythroid cells, excluding
interactions between the gene and other regulatory regions
present at the site of integration. An alternative explanation
for the absence of position effects would be the presence
of insulating sequences on the construct, preventing the
interaction with neighbouring regulatory sequences. This has
been demonstrated in the case of the Drosophila scs elements
(Kellum and Schedl, 1991). Three arguments favour the first
possibility. First, copy number-dependent, integration
position-independent expression is still observed when only
small fragments of the LCR are linked to the transgene
(Fraser et al., 1990). This argues against the second
possibility unless insulators are colocalized with each of the
activators. Secondly, low levels of non-tissue-specific expres-
sion can be observed both in the presence and the absence
of the complete LCR (Blom van Assendelft et al., 1989).
Lastly, the LCR-dependent DNase I sensitivity (Forrester
et al., 1990; S.Pruzina, unpublished) in the human genome
extends both to the 5' and 3' sides, well beyond any globin
sequences used in transgenic experiments.
The LCR activity of each of the hypersensitive sites has

been localized to 200-300 bp fragments containing binding
sites for two erythroid-specific proteins GATA1 and NF-
E2 and a number of general transcription factors, such as
Spi, TEF2, API and USF (Forrester et al., 1989; Philipsen
et al., 1990; Talbot et al., 1990; Caterina et al., 1991;
Pruzinaetal., 1991; Liuetal., 1992; Lowreyetal., 1992).
A recurring motif (Mignotte et al. 1989) in each of the sites
is the presence of a G-rich sequence flanked by binding sites
for the factor GATAI (Philipsen et al., 1990). The latter
has been shown to be largely specific for the erythroid
lineage (deBoer et al., 1988; Evans et al., 1988; Wall et al.,
1988; Martin et al., 1990; Romeo et al., 1990).
GATAl is necessary for erythroid development and

absence of GATAl appears to arrest erythroid differentia-
tion at an early stage (Pevny et al., 1991). It has been implied
that GATAI is directly involved in the positive regulation
of the globin genes on the basis of the frequent occurrence
of GATAI binding sites in the globin loci and its ability to
stimulate transcription in transient cotransfection assays
(Evans et al., 1990; Martin and Orkin, 1990). In recent
transgenic mice experiments, it has also been implicated in
negative regulation of the y globin genes (Berry et al., 1992).
The most striking arrangement of GATAI binding sites

and the G-rich element occurs at HS3. This site can drive
expression of both the human "y and (3 globin genes and it
is the most active site of the LCR in the embryonic yolk
sac and foetal liver of transgenic mice (Fraser et al., 1990,
1993). The core fragment contains a triple repeat of a
combination of GATA1 binding sites and G-rich sequences
that are spaced - 30 bp apart (Philipsen et al., 1990). It
directs copy number-dependent expression of the (3 globin
gene at a level of 40% of that observed with the full LCR.

In this paper we describe a detailed mutational analysis
of HS3 in transgenic mice and show that a specific combina-
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Fig. 1. The human globin locus and hypersensitive site 3. A. The human globin locus on the short arm of chromosome 11. The four
hypersensitive sites (HS) of the LCR are indicated by vertical arrows; one non LCR HS 3' of the globin gene is also shown. B. The human
globin test gene used in this study. The position of the HS3 inserts at 815 bp upstream from the cap site is indicated. The EcoRV sites were used to
excise microinjection fragments from the plasmids. C. The core element of HS3 is schematically divided into six footprinted regions, numbered 1-6
(Philipsen et al., 1990). 'GATAI' denotes the presence of consensus motifs (deBoer et al., 1988; Evans et al., 1988; Wall et al., 1988) for the
erythroid-specific transcription factor GATAI. 'GGTGG' indicates the occurrence of this G-rich sequence capable of binding ubiquitous factors like
Spl (Gidoni et al., 1985; Philipsen et al., 1990; R.Li et al., 1991) and TEF2 (Xiao et al., 1987; see also Philipsen et al. 1990). Deletions of HS3
analysed in this paper are shown below.
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tion of a G-rich sequence flanked on each side by one binding
site for the transcription factor GATA1 is essential to obtain
position-independent expression of a linked globin gene
in erythroid cells.

Results

Our previous analyses of HS3 in transgenic mice showed
that a 225 bp fragment was sufficient to provide copy
number-dependent expression of a ,B globin gene in trans-
genic mice (Fraser et al., 1990; Philipsen et al., 1990). This
fragment, which is normally located 15 kb upstream of the
embryonic e gene, contains six repeats of the motifGGTGG
and six potential binding sites for the transcription factor
GATA1, as shown schematically in Figure IC (Philipsen
et al., 1990). Each of these blocks of binding sites gives
a 30-50 bp footprint, as shown by in vitro factor binding
experiments. In order to determine which of these footprints
(labelled 1-6 in Figure IC) are required for position-

independent expression, we carried out a deletion experi-
ment by first dividing the fragment into two halves containing
either footprints 1-3 or 4-6 (FP1-3 or FP4-6). These
were cloned 815 bp upstream of the globin gene (Figure
1B) and the resulting fragments were injected into fertilized
mouse eggs. Embryos were collected at day 13.5 of gesta-
tion, DNA was prepared from placenta, head and yolk sac,
and RNA was prepared from the foetal liver. The head DNA
was Southern blotted and hybridized with a globin probe
to determine which of the embryos were transgenic. In order
to exclude mosaic animals (Costantini and Lacey, 1981), the
three DNA preparations of each of the transgenics were
subsequently hybridized to a probe for the transgene and the
resulting signal compared with that obtained from a
hybridization with the single copy endogenous 77Tyl gene
by analysis on a phosphorimager. This determines both the
copy number of the transgene and the degree of mosaicism
in each of the embryos. Only non mosaic embryos, i.e. those
that contained the same signal for the transgene in the
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Fig. 2. Functional analysis of HS3 deletions in transgenic mice. Approximately 1 Ag of 13.5 day foetal liver or 1/4 of total body RNA (fetus #6)
was used per sample and hybridized to probes specific for the 5' end of mouse major (endogenous erythroid-specific reference, M-(3m) and human

globin (test gene, H-(3) mRNA. After digestion with SI nuclease, protected fragments (95 bp for mouse major and 160 bp for human globin
mRNA) were separated on 6% polyacrylamide-7 M urea sequencing gels. The constructs analysed are as indicated in Figure 1. Letters at the
bottom of the lane indicate status of the animal at the time of dissection, a, foetus was anaemic and had died before the time of dissection (see
legend to Table I). Copy numbers are indicated on top of each lane. The protected bands were quantified with the phosphorimager. Only human
globin transgene signals above 0.2% of the mouse major signal were used for quantification. Very low expression levels were confirmed by a

separate SI assay using different specific activity probes which resulted in a 10-fold amplification of the human signal (not shown). Graphs at the
bottom show the expression level versus the copy number of each mouse.

different tissues, were analysed further. It should be pointed
out that this Southern blot analysis does not guarantee that
all of the embryos are fully transgenic.
The level of transgene RNA relative to the endogenous

mouse major RNA was determined by S1 nuclease protec-
tion analysis. Figure 2 shows that the activity of the HS3
fragment was associated with FP1-3 rather than FP4-6,
which was indistinguishable from the no LCR control. The
expression level of FP1-3 was lower than that observed for
FP1-6, but it was still copy number-dependent (Figure 2,
graph), resulting in a low standard deviation of the average
expression level per copy of the transgene (see Table I and
Discussion). We therefore conclude that sequences within
FP4-6 synergize with FP1-3. The major difference in binding

sites between FP1-3 and FP4-6 is the fact that FP1-3 contains
two double GATA1 motifs. We therefore decided to add
FP3 (a double GATA1 motif) to FP4-6. The analysis of this
construct (FP3-6, Figure 2) showed that although the activity
has increased considerably over that obtained with FP4-6
and was copy number-dependent, it was well below that
obtained with FP1-3 (Table I). The combination of these data
indicate that FP3 is very important for the activity of HS3.

This was confirmed when the construct containing only
FP1-2 was tested, because the activity of this fragment had
been reduced to a very low level when compared with FP1-3
(Figures 2 and 3). However, FP3 is not the only GATA1
binding site required for activity, because the deletion of FP1
from FP1-3 had the same effect as deletion of FP3 (construct
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FP2-3; Figure 3). This indicates that GATAl binding sites
are required in at least two physically distinct positions to
allow HS3 to be active.
These results therefore leave three footprints as the

smallest fragment to confer efficient and copy number-
dependent expression to a f globin gene. FP1 and FP3 each
contain two potential GATAl binding sites, while FP2 is
characterized by the G-rich sequence (Figure 4A). In order
to determine whether the complexity of FP1-3 can be reduced

Table I. Expression of HS3 constructs in transgenic mice

Construct Average expression Standard deviation

FP1-6 100 14
FP1-3 30 6
FP4-6 2.9 1.6
FP3-6 12 2.4
FP1-2 3.6 2.7
FP2-3 2.7 2.4
mutant 1 0.7 0.5
mutant 2 1.7 1.4
mutant 3 15 6
mutant 4 15 3
mutant 5 1.5 2.1
mutant 6 1.0 0.9
no LCR 1.0 0.8

The expression level for each mouse was corrected for copy number
and standardized to the expression level of FP1-6 (100% per gene
copy). The values for each construct were averaged and the standard
deviation was calculated. Note that the FPI-6, mouse 2 (Figure 2) and
FPI-3, mouse 6 (Figure 2) were not included in the table because
these mice were severely anaemic and had died prior to dissection.
This indicates that (at least part of) the red cells were expressing high
levels of the transgene (Grosveld et al., 1987; Talbot et al., 1989).
These mice could not be tested for mosaicism, because three separate
tissues could not be obtained. Inclusion of these mice leads to values
of FPI-6, 91 23 and FPI-3, 27 4 10.
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still further, we decided to use point mutagenesis to disable
each of the binding sites. We therefore determined the
contact sites of each of the proteins that bind to these foot-
prints in vitro (summarized in Figure 4B). Both GATA1 sites
in FP1 are bound by this protein with the proximal site
providing the stronger contacts. FPl also binds an unknown
ubiquitous protein X. FP2 binds ubiquitous proteins
(Philipsen et al., 1990), including SpI (Gidoni et al., 1985),
TEF2 (Xiao et al., 1987) and a number of unknown proteins
(Spanopoulou et al., 1991). The proximal GATAl site in
FP3 has strong GATA1 contacts, while the distal motif does
not appear to interact with GATAl.

Mutations were first introduced into the GATAl motifs
and their effect was analysed by in vitro binding experiments
using MEL cell nuclear protein extracts (Figure 5). Based
on the deletion experiments above, which show that the
presence of both FP1 and FP3 is required to obtain efficient
expression, three mutants were designed to determine
whether the GATAl sites are essential (Figure 4A). Gel
retardation experiments (Figure 5A and B) showed that
mutant 1 had lost almost all GATA1 and protein X binding.
Mutant 2 had lost all GATAl binding in FP3 and showed
a severely reduced binding of protein X and GATA1 in FP1.
Mutant 3 showed normal binding of X and a small reduc-
tion of GATAI binding to FP1, while GATAI binding to
FP3 was hardly affected. Mutant 4 was designed to test the
role of protein X. It had a similar reduction in GATA1
binding as mutant 3 in FP1, but had a greatly reduced
capacity to bind X. Analysis of the expression of each of
the mutants (Figure 6) showed that mutants 1 and 2 are inac-
tive. Together with the data obtained for FP1-2 and FP2-3,
this result indicated that the proximal GATA1 binding sites
(Figure 4A) in FP1 and FP3 are essential for activity. This
was confirmed by the results obtained with mutants 3 and
4; they have the same activity and from this we conclude
that the binding site for factor X and the distal GATA motif
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U

Fig. 3. Functional analysis of deletion mutants FPI-2 and FP2-3. For details see legend to Figure 2.
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fl-globin locus control region

in footprint 3 play no role in the activity of FP1-3 (Table I).
When taken together with the data from FP1-2, this confirms
that the proximal GATA1 site in FP3 is essential for activity.
However the activity of mutants 3 and 4 was about half of
that observed for FP1-3. This leads us to conclude that the
distal GATAL site in FPl is not essential, but contributes
to overall activity. The results observed with mutants 3 and
4 in conjunction with the data for FP2-3 also confirm that
the proximal GATAl site in FPl is essential for activity.
We then determined whether the central G-rich motif is

required for activity or whether the presence of the GATAI
sites alone is sufficient. To this end we constructed two new
mutants, 5 and 6. In mutant 5, each triple G or quadruple

A

wild type

mutant 1

G motif is interrupted by changing the central Gs to Ts
(Figure 4A). These mutations led to the inhibition of all
protein binding activity as shown in Figure 5C. In mutant
6 we substituted the central four Gs only, which should affect
the binding of all the proteins that require the type of binding
site used by Sp 1 (Spanopoulou et al., 1991). The result in
Figure 5C shows that indeed the binding of all the proteins
with the exception of one (band 6 in Philipsen et al., 1990)
was severely reduced. The analysis of mutants 5 and 6 in
transgenic mice showed that both of the mutations reduced
the activity of HS3 to that observed in the absence of any
LCR elements. From this we conclude that the central core
of four G residues in FP2 is absolutely essential for activity.

footprint 1 footprint 2 footprint 3
dist proximal proximal distal
F~~~I r- ~ I ,-

GCTGGTGTGCCAGAIaTICTCATCAGAGGTrCCAGGGAGGGTGOGGGGTCAGGGCGGCCACCAGCTATCAGGGCCCAGATGGGTrATAGGCTGG
.-A._>. T-.------

mutant 2 - - - - - - - - -A-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A-- - - - - - - - - - - - -A -----------

mutant 3 ------------ A- -- -- - - - - -- - - - - - - - - - - - - - - -.. - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -TT ---------------

mutant.4 -----------A-- T-- - - - - - ----.- - - - - - -T.-- -T- - -T- - -.T- - - - - - - -T- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

mutant 6 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -T- - - T- -- TTTT- --T- - - - - T - -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -

footrint 1

0 -s
GCrOGTOTOCCAOATOTOTCFATcAoAGGTIcA

footprint 2

0_0 cAGGlICGGGAGGGI GGGMGTCAGGCOGOCA

footprint 3

I-- .................

GATA-1 TGGCCACCAGCrATCAGoGcCCAOATGGGTFATAGCCTGG
0. ----_

X OCIrGTGTOcCAGAUTGATCrATCAGAGGTTCA
_ _ _ _

TEF-2

Others

Com
AGGTrCCAoGGGAGOGTGGGGGGGGGccAC

cm cmoemOm
AGGTICCAGGGAGGGOTOGGGTGGGGTCAGGOC1GOOeAC

Fig. 4. Mutations and contact sites in HS3 FP1-3. A. The sequence of FPl-3 is shown. The bases changed in the mutants are indicated below the
sequence. B. Oligonucleotide probes covering FP1, FP2 or FP3 were used in a methylation-interference assay (Materials and methods). Strong
interference is indicated by a closed circle; moderate interference by a shaded circle; and weak interference by an open circle. Consensus motifs for
GATA-1 are denoted by arrows; imperfect matches by stippled arrows. Two GGTGG repeats in FP2 are underlined with bold arrows. Note that for
FP2 a summary of the interference patterns of as yet unidentified factors is given in the third line (see Figure 5C).
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Fig. 5. Gel retardation analysis of mutations in FPI-3 of HS3. Probes and competitors are as shown above the lanes (see Figure 4A). Protein-DNA

complexes and free probe are indicated, X indicates a ubiquitous unknown complex.
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Fig. 6. Functional analysis of mutants 1-4 in transgenic mice. The mutations in the constructs are shown in Figure 4. See Figure 2 for other detailsof the SI nuclease analysis. 1: fetus 72 was an anaemic foetus.

Discussion

In this paper we have analysed the minimal interactions
required for position-independent expression of the ,B globin
gene in transgenic mice, using hypersensitive site 3 from
the globin LCR. This is the first report that ascribes the func-
tional properties of the globin LCR to individual factor
binding sites. Importantly, it also shows that this function
can be abrogated by the introduction of specific point muta-
tions in these binding sites. Position independence was
measured by determining the expression level per integrated
copy of the transgene. We used transgenic mice rather than
cell transfection assays because the latter are dependent on
the expression of a linked marker gene. This results in selec-
tion for positive position effects, which as shown in a parallel
series of experiments (not shown), gives rise to a high
background level of expression. It therefore becomes
impossible to obtain meaningful data from constructs with
low levels of expression. In transgenic mice, integration of
the transgene occurs well before the generation of
hematopoietic cells and does not depend on selection for
expression. Position effects are therefore expected to result
1082

in considerable differences in the average expression level
of a particular construct. We observe a large standard
deviation for the following constructs: no LCR, FPl-2,
FP2-3, FP4-6, mutants 1, 2, 5 and 6 (Table I). The large
standard deviation does not appear to be related to the
number of animals per construct, because even when at least
10 animals are analysed (e.g. mutants 1 and 2, Table I), it
does not decrease. On this basis we interpret a large standard
deviation (at least 50%) in the average level of expression
as an indicator of position effects. We conclude that
constructs FPl-6, FPl-3, FP3-6 and mutants 3 and 4 confer
position-independent expression to the linked j3 globin gene.
The minimal construct that provides position independent

expression is mutant 4, which contains the G-rich motif and
the two proximal GATAl binding sites. The transcriptional
activity of this construct is doubled to the level observed for
FPl-3 by a synergistic effect with the distal GATAl site in
FP1. A further 3-fold increase is obtained by addition of
FP4-6. Since FP3-6 can also provide position-independent
expression, it is clear that HS3 contains a number of func-
tionally redundant elements capable of synergizing with each
other.
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Fig. 7. Functional analysis of mutants 5 and 6 in transgenic mice. The
mutations in the constructs are shown in Figure 4. See Figure 2 for
other details of the S1 nuclease analysis.

The synergy described above is measured in terms of
levels of transcription, but one of the most striking properties
of the LCR is that the DNase hypersensitive sites are formed
before transcription of the globin genes takes place (Forrester
et al., 1987; Blom van Assendelft et al., 1989). Even very
small LCR fragments are capable of creating a DNase
hypersensitive site larger than the fragment itself (Lowrey
et al., 1992). Together with its long range effects, this
suggests that an important part of the function of the LCR
is the setting up of a domain that is poised for transcription
and that this forms the basis for position-independent expres-
sion. Our data show that the cooperation of at least three
proteins is required to achieve position independence and
that the binding sites for these proteins have to occur in a

particular arrangement. For example, FP1-2 contains two
GATA1 sites followed by the G-rich motif, but it is not
active. However, a construct containing the G-rich sequence
between two GATAl sites (mutants 3 and 4), does confer
position independence. The difference between FP1-2 and
mutant 3 is not due to an inactive distal GATA1 site in
FP1-2, because this site can synergize with the core at the
level of transcriptional efflciency (compare mutants 3 and
4 with FP1-3). Interestingly, a similar architecture of
GATA1 and G-rich elements in FP3-6 also confers position
independence. This indicates a central role for the proximal
GATAl site in FP3.
These data provide the first functional evidence that

GATAl is directly involved in the activation of the globin
locus in vivo. These results agree very well with the recent
in vivo footprinting data, which show that FP1-5 are occupied
by factors in erythroid cells (Strauss and Orkin, 1992). The
only possible exception is FP6, which appears not to be
occupied in vivo by footprinting data. We have not addressed
the role of FP6 in this study and we therefore cannot make
any direct conclusion about its function.

Interestingly, the two proximal, but not the distal, GATA1
binding sites in FP1-3 are completely conserved between
the human HS3 and the homologous sequence in the goat

(Q.Li et al., 1991), which supports our observation on the
role of these sites. The G-rich motif in FP2 appears to be
less well conserved. However, in vitro binding experiments
demonstrate that the two slowest migrating complexes
observed with the human sequence (Figure 5C) are also
formed efficiently with the goat sequence (not shown).
Although the goat sequence has yet to be tested functionally,
it suggests that Spl plays a key role in erythroid-specific
transcriptional activation. Spl would be an attractive
candidate because it has been shown to be able to loop DNA
(R.Li et al., 1991; Mastrangelo etal., 1991; Su et al., 1991),
a process thought to be central to gene activation in general
(for review see Ptashne, 1988) and to the interactions
between the LCR and the globin genes in particular
(Hanscombe et al., 1991). It should, however, be noted that
neither the human nor goat sequence contains the optimal
Spl binding site (Letovsky and Dynan, 1989) and although
Spl can function through such sites (R.Li et al., 1991), it
cannot be excluded that one of the other complexes (Figure
5C) or an as yet to be detected factor is important.

In conclusion we have shown that a small fragment of HS3
containing a minimum number of three binding sites, gives
rise to position-independent expression in transgenic mice.
HS3 has minimal activity in transient transfection assays
(Tuan et al., 1989; P.Dierks and T.Ley, personal
communications), but it is capable of activating globin gene
expression to a high level when present in chromatin. The
fact that this activity can be retained by a specific combina-
tion of a very limited number of binding sites, suggests that
it will be possible to analyse globin gene activation at the
molecular level.

Materials and methods
Plasmid constructions
All the oligonucleotides used for cloning purposes were phosphorylated with
polynucleotide kinase. Plasmid GSE 1758 was made by cutting the plasmid
GSE 1273 (Philipsen et al., 1990), containing the human ,B-globin gene
as a 5 kb Bgll fragment, with NotI and HpaI, blunting and ligating to a
polylinker containing EcoRV, NotI, ClaI, Hindfl, XhoI, SpeI, Asp718 and
SailI sites, recreating the HpaI site at -815. HS3 deletions were made by
polymerase chain reaction (PCR), using the following primers. Construct
FP1-3: oligo fp 1, sense strand plus oligo fp 3, antisense strand. Construct
FP1-2: oligo fp 1, sense strand plus oligo fp 2, antisense strand. Con-
struct FP3-6: oligo fp 3, sense strand plus oligo fp 6, antisense strand. Con-
struct FP4-6: oligo fp 4, sense strand plus oligo fp 6, antisense strand. PCR
was performed as recommended by the suppliers. PCR products were gel
purified, blunted and ligated to Hindlfl linkers (constructs FP1-3 and 1-2)
or Asp718 linkers (constructs FP3-6 and 4-6). After digestion with the
appropriate restriction enzymes they were cloned in their natural orienta-
tion relative to the human ,B-globin gene in GSE 1758.
The construct containing FP2 and FP3 (construct FP2-3 in Figure 1) was

made by direct cloning of two double-stranded oligonucleotides. The 5'
oligonucleotides provided a 5' ClaIend and a 3' 8 bp single stranded overlap
with the 3' oligonucleotides, which also had a 3' HindIH end. This allows
efficient three fragment ligation into ClaIlHindlI cut GSE 1758.
The point mutations in constructs containing FPI-3 were generated via

a similar strategy.
All the constructs were checked by sequencing using a Sequenase kit

(USB). The following oligonucleotides were used for PCR: oligo fp 1, sense
GCTGGTGTGCCAGATGTGTCTATCAGAGGTTCCAGGGAGG; oligo
fp 1, antisense CCTCCCTGGAACCTCTGATAGACACATCTG-
GCACACCAGC; oligo fp 2, antisense TGGCCAGCCCTGACCCCA-
CCCCACCCTCCCTGGAACCTCTGAT; oligo fp 3, sense
TGGCCACCAGCTATCAGGGCCCAGATGGGTTATAGGCTGG; oligo
fp 3, antisense CAGCCTATAACCCATCTGGGCCCTGATAGCTGGTG-
GCCA; oligo fp 4, sense GCTCAGATAGGTGGTTAGGTCAGGTTG-
GTGGTGCTGGGTGGAGTCCATGACTCCCAGGAGCCAG; oligo fp 6,
antisense CTATGCTGTGCCTCCCCCACCTTTCCCATGTCTCC-
CCTCTA.
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The following oligonucleotides were used for direct cloning: oligo 1,
ClaI, sense cgatGCTGGTGTGCCAGATGTGTCTATCAG; oligo 1, ClaI,
antisense TGGAACCTCTGATAGACACATCTGGCACACCAGCat; oligo
1, ClaI, mutant 1, sense cgatGCTGGTGTGCCAAATGTGTCTATAAG;
oligo 1, ClaI, mutant 2, sense cgatGCTGGTGTGCCAGATGT-
GTCTATAAG; oligo 1, ClaI, mutant 3, sense cgatGCTG-
GTGTGCCAAATGTGTCTATCAG; oligo 1, ClaI, mutant 4, sense
cgatGCTGGTGTGCCAAATTGTTCTATCAG; oligo 2, ClaI, sense
cgatGAGGTTCCAGGGAGGGTGGGGTGGGGTCAGGGCTGGCCAC;
oligo 2, ClaI, antisense CCCTGACCCCACCCCACCCTCCCTGGAACC-
TCat; oligo 2, sense AGGTTCCAGGGAGGGTGGGGTGGGGTCAGG-
GCTGGCCAC; oligo 2, antisense CCCTGACCCCACCCCACCCTCCC;
oligo 2, mutant 5, sense AGGTTCCAGTGAGTGTGTTGTGT-
TGTCAGTGCTGGCCAC; oligo 2, mutant 6, sense AGGTTCCAGG-
GAGGGTTTTTTGGGGTCAGGGCTGGCCAC; oligo 3, HindH, sense
CAGCTATCAGGGCCCAGATGGGTTATAGGCTGGa; oligo 3, Hindm,
antisense agcttCCAGCCTATAACCCATCTGGGCCCTGATAGCTG-
GTGGCCA; oligo 3, Hindu, mutant 1, sense CAGCTATAAGGGCC-
CATATGGGTTATAGGCTGGa; oligo 3, HindIl, mutant 2, sense
CAGCTATAAGGGCCCAGATGGGTTATAGGCTGGa; oligo 3, Hindm,
mutant 3, sense CAGCTATCAGGGCCCATATGGGTTATAGGCTGGa.

Bases added to create restriction sites are shown in lower case letters;
mutated bases are underlined and in bold type.

Transgenic mice
Plasmids were digested with EcoRV (see Figure iB) and fragments with
the human 13 globin gene were isolated from agarose gels using a Gene
Clean kit. After further purification on an Elutip column (Schleicher and
Schuell), fragments were dissolved at a concentration of 2 jg/ml in micro-
injection buffer (10mM Tris-Cl, pH 7.5 and 0.1 mM EDTA) and fertilized
eggs were injected into the male pronucleus (Kollias et al., 1986). Foetuses
were collected 13.5 days post transfer as described (Grosveld et al., 1987).

DNA analysis
Genomic mouse DNA was cut with EcoRIl, Southern blotted and probed
for the human ,B globin transgene, with the mouse Thyl gene as a loading
control (Grosveld et al., 1987; Philipsen et al., 1990). To assess mosaicism
the ratio was compared in DNA from head, yolk sac and placenta.

RNA analysis
Total RNA from either fetal liver or the whole body was used for S1
analysis. Approximately 1 ,ug of fetal liver RNA or 1/4 of total body RNA
(in case of anaemic foetuses that had died prior to dissection) was used for
quantification by mixing DNA probes specific for the 5' ends of human
,B-globin and mouse 1 major mRNA (Antoniou et al., 1988). Probe excess
was demonstrated by using three times the amount of RNA of one particular
sample.

Quantification
Copy numbers were determined from Southern blots and expression data
from SI sequencing gels, using a Phosphor Imager (Molecular Dynamics).
Each value was obtained from at least two independent experiments.

Gel mobility shift assays and methylation interference
Gel mobility shift assays were done essentially as described previously
(deBoer et al., 1988; Talbot etal., 1990), using 5-10 jg of nuclear extract
(Gorski et al., 1986) from MEL cells per reaction. The oligonucleotides
shown above were used as probes and competitors; they were blunted with
Klenow DNA polymerase after annealing. Competitions were done by adding
100-fold molar excess of the indicated double-stranded oligonucleotide before
addition of the extract.

Methylation interference was performed as described previously (deBoer
et al., 1988; Talbot and Grosveld, 1991), with the following modifications:
50 ng of DMS-treated DNA probe was used with 100 tg nuclear extract
in a 100 pd reaction. After electrophoresis, the bands were dry-blotted onto
DE 81 paper (Whatman), cut out and eluted in 2 M NaCl. Following
piperidine cleavage, the final products were analysed on 20% sequencing
gels.
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