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Single-copy human ,B-globin transgenes are very
susceptible to suppression by position effects of sur-
rounding closed chromatin. However, these position
effects are overcome by a 20 kbp DNA fragment
containing the locus control region (LCR). Here we
show that the 6.5 kbp microlocus LCR cassette repro-
ducibly directs full expression from independent single-
copy f-globin transgenes. By testing individual DNase
I-hypersensitive sites (HS) present in the microlocus
cassette, we demonstrate that the 1.5 kbp 5'HS2
enhancer fragment does not direct P-globin expression
from single-copy transgenes. In contrast, the 1.9 kbp
5'HS3 fragment directs 0-globin expression in five
independent single-copy transgenic mouse lines. More-
over, the 5'HS3 core element and 0-globin proximal
promoter sequences are DNase I hypersensitive in fetal
liver nuclei of these expressing transgenic lines. Taken
together, these results demonstrate that LCR activity
is the culmination of at least two separable functions
including: (i) a novel activity located in 5'HS3 that
dominantly opens and remodels chromatin structure;
and (ii) a recessive enhancer activity residing in 5'HS2.
We postulate that the different elements of the LCR
form a 'holocomplex' that interacts with the individual
globin genes.
Keywords: chromatin/,-globin/locus control region

Introduction
The human ,-globin locus is located in active or open
chromatin in cells of the erythroid lineage (reviewed
in Felsenfeld, 1992; Dillon and Grosveld, 1993). The entire
locus is in a DNase I-sensitive chromatin conformation in
erythroid cells (Groudine et al., 1983), and the P3-globin
gene is expressed to very high levels. In addition,
nucleosomes located within the 3-globin locus in chicken
erythroid cells are hyperacetylated (Hebbes et al., 1994),

suggesting that they are accessible to trans-acting fac-
tors (Lee et al., 1993). In contrast, the chromatin structure
of the locus is closed in non-erythroid tissue and the
P-globin gene is completely inactive. A similarly inactive
locus is present in erythroid cells of a subset of f-
thalassaemias in which components of the locus control
region (LCR) located 5' of the cluster are deleted (Kioussis
et al., 1983; Driscoll et al., 1989; Forrester et al., 1990).
The LCR is composed of four erythroid-specific DNase
I-hypersensitive sites (HS) on a 20 kbp fragment (Tuan
et al., 1985; Forrester et al., 1986) and directs copy
number-dependent, position-independent expression of a
linked human ,3-globin gene in transgenic mice (Grosveld
et al., 1987; Ryan et al., 1989). These findings suggest
that the LCR is the primary regulator of chromatin structure
in the locus.
The copy number-dependent expression activity of

the LCR in transgenic mice has been mapped to the 200-
300 bp cores of 5'HS2 (Talbot et al., 1990; Caterina et al.,
1991; Talbot and Grosveld, 1991), 5'HS3 (Philipsen et al.,
1990) and 5'HS4 (Pruzina et al., 1991). This activity is a
property of redundant combinations of trans-acting bind-
ing sites and not an effect of a single DNA binding factor
(Ellis et al., 1993; Philipsen et al., 1993). In contrast, the
only enhancer activity identified within the LCR by
transient transfection assays is located in 5'HS2 and is
dependent on specific NF-E2 factor binding sites (Tuan
et al., 1989; Moi and Kan, 1990; Ney et al., 1990).

Previously, we noted that a 215 bp 5'HS2 core element
directed copy number-dependent expression of multicopy
transgenes present in a concatamer but failed to activate
single-copy ,-globin transgenes (Ellis and Grosveld, 1993;
Ellis et al., 1993). These data suggested that single-copy
P-globin transgenes are more sensitive to suppressive
position effects than multicopy transgene concatamers. In
order for an LCR reproducibly to direct significant levels
of expression from single-copy transgenes at every integra-
tion site, it must possess a chromatin-opening activity to
override the suppressive position effects of surrounding
closed chromatin. Therefore, reproducible expression from
independent single-copy transgenes serves as a sensitive
assay for chromatin-opening activity.

Reports of single-copy ,-globin transgenic mouse lines
are in agreement that fragments containing the 20 kbp
LCR reproducibly direct 100% human 3-globin expression
compared with endogenous mouse globin levels (Dillon
and Grosveld, 1991; Berry et al., 1992; Strouboulis et al.,
1992; Gaensler et al., 1993; Peterson et al., 1993). In this
paper, we investigate whether reproducible single-copy
transgene expression requires the presence of all four HS.
We show that the 6.5 kbp microlocus LCR cassette (Talbot
et al., 1989) directs full expression of independent single-
copy transgenes, and we map the chromatin-opening
activity to the 1.9 kbp 5'HS3 fragment. Moreover, we
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Fig. 1. Maps of the human Il-globin constructs used for transgenesis.
The microlocus LCR (construct tD) contains all four HS in a 6.5 kbp
cassette (Talbot et al.. 1989) containing the following sequences:
1.0 kbp partial SStI-HindIII 5'HSI (open box): 1.5 kbp A.sp7l8-BglII
5'HS2 (light grey box); 1.9 kbp HindIll 5'HS3 (striped box); and
2.1 kbp BamHI-XbaI 5'HS4 (dark grey box). The cores of 5'HS2
(Talbot and Grosveld, 1991), 5'HS3 (Philipsen et al., 1993) and 5'HS4
(Pruzina et al., 1991) are shown as black boxes. Constructs B and C
contain only the 5'HS2 fragment or the 5'HS3 fragment respectively,
each cloned 5' of the 800 bp human 1-globin promoter and gene
sequences (exons shown in small black boxes). The narrow black box
is the fivs2 probe. Transgene intactness was demonstrated by
restriction site mapping on Southern blots and by PCR with primers
1-4 (arrows). B, BamHI; Bs, BspHI; E, EcoRI; P, PstI; S, StuI.

show that the 1.5 kbp 5'HS2 enhancer fragment is not
active in single-copy transgenic mice. Since the only
construct that directed full levels of single-copy transgene
expression is the microlocus LCR cassette, we propose
that LCR activity requires the separable functions of both
the chromatin-opening activity in 5'HS3 and the enhancer
activity in 5'HS2.

Results
Generation of single-copy f-globin transgenes in
mice
In order to characterize the chromatin-opening activity
located within the 20 kbp LCR fragment, we tested
three LCR constructs in single-copy transgenic mice.
Unfortunately there is no efficient method available for
the generation of single copy transgenes. We therefore
had to inject large numbers of fertilized mouse eggs
(several thousand) with DNA fragments at a low con-
centration (0.25 ,ug/ml) to obtain sufficient animals with
intact single-copy integrations of the different constructs.
The microlocus LCR construct contains all four HS on a

6.5 kbp cassette linked to the human 3-globin gene (Figure
1). The B and C constructs are derivatives of the micro-
locus LCR and contain the 1.5 kbp 5'HS2 fragment and
the 1.9 kbp 5'HS3 fragment respectively. Founder (FO)
transgenic mice were generated with these LCR constructs
and screened from non-transgenic littermates by Southern
blots on tail DNA. However, the Fo generation copy
number can be difficult to establish reliably because
founder mice are occasionally a mosaic of transgenic and
non-transgenic cells, which can lead to an incorrect
interpretation of the results, or of cells containing different
transgene integration events and copy numbers. Therefore

Fig. 2. Copy numbers of transgenic mouse lines determined by
Southern blot analysis of F, fetal head DNA singly digested with
EcoRI (tD and B lines) or BamHI (C lines) to reveal 5' and 3' end
fragments respectively when hybridized to the ,Bivs2 probe (Figure 1).
Copy numbers were confirmed by digesting tD and B lines with
BamHI, and C lines with EcoRI (data not shown). Although the two-
copy B44 line contained only one 5' end fragment, two 3' end
fragments were observed indicating two independent single-copy
integration sites (data not shown). Loading controls of the same blots
hybridized to an Apal-digested mouse Thy-1 probe are shown below.

we bred the founders to non-transgenic animals to obtain
non-mosaic F1 fetuses.
The copy number of these lines was determined by

Southern blot analysis of F1 fetal head DNA digested at
a single internal restriction site and hybridized with a
probe specific for human 3-globin. In this manner, cleavage
of single-copy transgenes with EcoRI occurs downstream
of the Pivs2 probe and reveals a 5' end fragment that
extends into flanking genomic sequences. Likewise, single-
copy transgenes digested with BamHI are visualized as 3'
end fragments. Higher transgene copy numbers usually
contain one end fragment and a multicopy band indicating
a head-to-tail transgene concatamer. Single-copy lines
must contain only one unique 5' end fragment and one
unique 3' end fragment of single-copy intensity.
By following this procedure of determining copy

number and demonstrating equal DNA loading by
reprobing for mouse Thy-1, we established that the tD14
and gD29 lines contained a single copy of the microlocus
construct, the B26 and B55 lines contained a single copy
of the 5'HS2 construct, and five C lines (C5A, C8, C26,
C45, C66) contained a single copy of the 5'HS3 construct
(Figure 2). Although the two-copy B44 line contained
only one 5' end fragment and no concatamer-sized band
(Figure 2), two 3' end fragments were observed indicating
two independent single-copy integration sites (data not
shown). Transgene intactness was shown by Southern
blot and PCR analyses of the transgene termini and the
3-globin 3' enhancer element (Figure 1).

5'HS3 directs reproducible expression from
single-copy transgenes
To examine the expression status of the transgenes relative
to the endogenous mouse 5-major genes, we extracted
total RNA from 13.5-day F1 fetal livers and performed
S1 nuclease analysis (Figure 3). As a positive control for
expression we used fetal liver RNA from Line 72 which
contains a single-copy of the 70 kbp human ,-globin
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Fig. 3. Quantitation of P-globin expression in transgenic lines by SI nuclease analysis of 13.5-day fetal liver RNA. The ltD, B and C transgenic
samples are loaded in the same order as Figure 2. Specific activity of the human ,B (HP) and mouse 3-major (fmaj) probes was 2:1. ntg, non-
transgenic; 72, Line 72; 3X, probe excess control of the adjacent seven-copy B line.

locus (Strouboulis et al., 1992), and expresses human 3-
globin mRNA at 47% of the level produced by the two
mouse ,-major genes, or 94% per copy. The single-copy
gD14 and ,uD29 lines expressed human P-globin at a
mean average of 89% per copy. These data demonstrate
that the microlocus LCR fully activates single-copy trans-
gene expression in every mouse and therefore contains a
putative chromatin-opening activity.
To determine whether this activity requires the presence

of all four HS, we evaluated expression from single-copy
transgenes containing the 1.5 kbp 5 'HS2 fragment. In
contrast to the full levels of expression produced by the
microlocus LCR construct in the gD lines, ,B-globin
transgenes alone express non-reproducibly and at <1%
per copy (Ryan et al., 1989; Philipsen et al., 1993). SI
nuclease analysis of fetal liver RNA from the B lines
detected human 3-globin RNA at <1% per copy in the
single-copy B26 and the two-copy B44 lines, although
significant levels of 8% were detected in the other single-
copy B55 line (Figure 3). Similar results have been
obtained by other groups (Curtin et al., 1989; N.Raich,
personal communication). These data demonstrate that
expression directed by the 1.5 kbp 5'HS2 fragment, which
contains the only classical enhancer element in the LCR
(Tuan et al., 1989; Moi and Kan, 1990; Ney et al., 1990),
can be suppressed by surrounding closed chromatin. In
agreement with our earlier data (Fraser et al., 1990),
expression of 23% per copy was seen in both the seven-
copy B20 and B31 lines, confirming that 5'HS2 activates
multicopy transgenes present in a concatamer (Ellis and
Grosveld, 1993; Ellis et al., 1993). The five-copy B48
mouse appears to be an exception and is not in agreement
with our earlier data on 5'HS2 (Fraser et al., 1990, 1993).
These results therefore show a typical pattern for a
construct that intrinsically is unable to express but that is
strongly influenced by position effects.

Evaluation of single-copy transgene expression regu-
lated by the 1.9 kbp 5'HS3 fragment was performed by
S1 nuclease analysis on fetal liver RNA from the C lines.
In contrast to the non-reproducible expression directed by
the 5'HS2 enhancer at single copy, the C lines expressed
significant human 3-globin levels in all five single-copy
lines with a mean average of 26% per copy (Figure 3).
These data indicate that 5'HS3 contains an activity which

Fig. 4. DNase I-hypersensitive site mapping of single-copy human
,B-globin transgenes in fetal liver nuclei of B and C construct
transgenic lines. Samples were digested with increasing concentrations
of DNase I, genomic DNA extracted and subsequently digested with
EcoRI before hybridization with the Pivs2 probe. Maps of the B and C
constructs are shown below. Black and grey arrows correspond to
strong and weak HS respectively. 0, zero time point; E, endogenous
DNase; 3, 5, 8, samples digested with 3, 5 and 8 gl DNase I
respectively.

overrides the suppressive effects of surrounding closed
chromatin and activates significant expression from inde-
pendent integration sites.

5'HS3 remodels the chromatin structure of
single-copy transgenes
To investigate whether the 5'HS3 sequences in the C lines
are in an open chromatin conformation, we performed
DNase I HS mapping on nuclei prepared from 13.5-
day transgenic fetal livers obtained from the single-copy
transgenic C26, C45 and the lowest expressing line C8
(Figure 4). As expected for expressing transgenes, we
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Fig. 5. (A) DNase I sensitivity of the intron and flanking region of the human 3-globin transgene in lines C8 and C66. The genomic DNA was

digested with BamHI and PstI before hybridization. The probes were a BamHI-EcoRI fragment covering intron 2 and an EcoRV-PstI fragment from

the 3' end of the transgene construct. The numbers indicate the same DNase I digestions as in Figure 4. The control probe is from the endogenous

mouse Thy 1 gene (Spanopoulou et al., 1988). (B) DNase I-hypersensitive site mapping of the endogenous mouse P-globin LCR in 13.5-day fetal

liver nuclei of the non-expressing B26 transgenic line. Aliquots of the same DNase I-treated samples shown in Figure 4 were digested with PstI

before hybridization with a 1.1 kbp EcoRI-PstI probe (Jiminez et al., 1992). 0, zero time point; E, endogenous DNase; 1-0, samples digested with

1 to 10 gl DNase I respectively.

observed HS at 2.7 and 1.5 kbp 5' of the EcoRI site in
the 3-globin transgene corresponding to the 5'HS3 core
(Philipsen et al., 1990) and the proximal P-globin pro-
moter sequences respectively (Antoniou et al., 1988).
Interestingly, the C8 transgene band is itself more
resistant to DNase I cleavage than the other transgene
bands (Figure 4), suggesting that it is located in
particularly inaccessible chromatin (Rivier and Pillus,
1994). Nevertheless, chromatin at the C8 transgene pro-
moter is correctly remodelled (Wallrath et al., 1994), and
the transgene is expressed, albeit at a reduced level. We
have also tested whether general DNase I sensitivity is
established inside and beyond the introduced transgene
(Figure SA), by using an intron-specific probe and a probe
at the very 3' end of the transgene. The latter probe
measures well into the flanking region and the PstI digest
ensures that we only examine sequences past any known
HS (Forrester et al., 1986). Both probes show that the
DNA is sensitive to digestion. These data are consistent
with the presence of a dominant chromatin-opening
activity residing in the 1.9 kbp 5'HS3 fragment that not
only forms HS on the same sequences as those detected
in vivo (Tuan et al., 1985; Forrester et al., 1986; Philipsen
et al., 1990), but also directs significant single-copy
transgene expression.
DNase I-hypersensitive site mapping of the 5'HS2

sequences in the non-expressing B26 single-copy line
(Figure 4) identified weak hypersensitivity at the expected
position 2.7 kbp 5' of the EcoRI site corresponding to the
5'HS2 core (Talbot et al., 1990; Talbot and Grosveld,
1991). Such a weak hypersensitive site is normally

observed at 5'HS2 in non-erythroid cells (Forrester et al.,
1987; Talbot et al., 1990). This weak sensitivity does not
correlate with gene expression and clearly it is unable to
induce the hypersensitive site corresponding to the active
,B-globin promoter. To demonstrate that strong DNase I
hypersensitivity could be detected in these same DNA
preparations, we digested samples with PstI and hybridized
with a probe specific for the endogenous mouse 3-globin
LCR (Figure SB). This analysis revealed hypersensitivity
at mouse 5'HS1 and both alleles of mouse 5'HS2 as
previously described (Jiminez et al., 1992).

These results suggest that trans-acting factors can bind
to the 5'HS2 enhancer sequences of single-copy trans-
genes in vivo, but that the effect is not a dominant
chromatin-opening activity because the promoter chro-
matin is not correctly remodelled and the P-globin trans-
gene is not expressed to a significant level. Taken together,
our results demonstrate that the chromatin-opening activity
in 5'HS3 can be functionally separated from the enhancer
activity in 5'HS2, and suggest a multistep model of LCR
activation.

Discussion
5'HS3 contains a dominant chromatin-opening
activity
We have used expression from independent single-copy
transgenes as a sensitive assay for chromatin-opening
activity. This approach has confirmed that full levels of
human B-globin expression are reproducibly obtained from
LCR constructs containing all four HS and indicates that
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the LCR contains a chromatin-opening activity. Here we
demonstrate that the 6.5 kbp microlocus LCR retains full
activity at single copy, but that dissection of the microlocus
LCR cassette into its 5'HS2 and 5'HS3 components
disturbs LCR activity. We show that the 1.9 kbp 5'HS3
fragment remodels chromatin structure of a linked
single-copy transgene and flanking region. It consist-
ently directs expression from independent single-copy
transgene integration sites, albeit at reduced levels. These
findings suggest the presence of a chromatin-opening
activity within 5'HS3.

In contrast to 5'HS3, we conclude that the 1.5 kbp
5'HS2 component of the LCR does not direct significant
expression from single-copy transgenes in a reproducible
manner and does not remodel chromatin at the transgene
promoter. This conclusion is based on two single-copy
lines (B26 and B55), and a two-copy line (B44) that has
a Southern blot pattern most consistent with the presence
of two single-copy transgenes that are not in a concatamer
but which segregate together. Of these four single-copy
5'HS2 transgenes, only the one in B55 mice expresses a
low level of f3-globin. Data from at least two laboratories
also show that 5'HS2 is inactive as a single-copy transgene
(Curtin et al., 1989; N.Raich and P.-H.Romeo, personal
communication). Inclusion of these data strongly supports
the notion that 5'HS2 and 5'HS3 behave very differently in
single-copy transgenic mice; this difference is statistically
significant (P r 0.016). Taken together with our previous
report that the 215 bp 5'HS2 core element is not functional
in single-copy founder transgenic animals, these findings
provide strong evidence that 5'HS2 does not contain a
chromatin-opening activity. However, 5'HS2 directs high
level expression from multicopy transgenes and is a strong
enhancer in transient transfection assays.

Full levels of expression in single-copy transgenic mice
were only obtained from the microlocus LCR cassette,
suggesting that the chromatin-opening domain in 5'HS3
and the enhancer element in 5'HS2 have distinct functions
that cooperate to produce LCR activity. Despite many
injections we have generated only two 5'HS4 single-copy
mice (one intact construct and one lacking the 3' 3-globin
enhancer). The data from these 5'HS4 mice are therefore
still preliminary, but they show that 5'HS4 also does not
express the transgene. It is known that this fragment has
no enhancer activity in transient transfections but does
contribute to the overall f3-globin expression level in
stable assays (Fraser et al., 1990; Pruzina et al., 1991).
Interestingly, Lowrey et al. (1992) have shown that 5'HS4
reforms a hypersensitive site when introduced (without a
gene) into multicopy transgenic mice. It is, however, not
clear whether 5 'HS4 has the capacity to remodel the
chromatin when present in a single copy.

Holocomplex model of LCR activation
On the basis of our data we suggest that the LCR is
composed of multiple HS with separable functions. A
possible in vivo mechanism for LCR activity is that the
chromatin-opening domain within 5'HS3 is responsible
for the initial formation of DNase I hypersensitivity. Such
a central role appears to be confirmed by the fact that a
5'HS3 deletion affects the expression of the entire locus
(J.Strouboulis et al., unpublished results). Open chromatin
would then spread from 5'HS3, permitting trans-acting

5'HS3 3-like globin gene cluster

yG yA 6 13

LCR
5'HS 4 3 2 1

I I I I e yG yA 6 13

embryonic fetal adult

Holo-complex

Fig. 6. Holocomplex model of LCR activation. Closed chromatin
(striped box) at the P-globin LCR is first opened by trans-acting factor
binding at 5'HS3 (speckled circle). Open chromatin spreads from this
initial event and permits factor binding throughout the LCR. Protein-
protein interactions between factors bound at the individual HS loops
out intervening DNA and establishes the LCR holocomplex. The
holocomplex would then interact with a single globin gene by DNA
looping, and direct full levels of expression by simultaneously aligning
the appropriate promoter element with the cumulative activities of all
four HS.

factor access to the other HS and revealing their transcrip-
tional enhancement activities. We propose that this
enhancement is secondary to the essential 5'HS3 element
and may be mediated by DNA looping (Ptashne, 1986)
to act closely together or even form a LCR 'holocomplex'
(Figure 6). The Spl trans-acting factor is certainly a
candidate for this role as it binds to all the HS cores
(Philipsen et al., 1990; Talbot et al., 1990; Pruzina et al.,
1991) and has been shown to loop DNA (Mastrangelo
et al., 1991; Su et al., 1991), but accessory bridging or
other factors may participate in this putative loop forma-
tion. In order to form loops, it is likely that the HS core
elements must be separated by spacer DNA. The LCR
holocomplex would accomplish globin gene activation
and switching by increasing the accessibility of trans-
acting factors to their binding sites in the adjacent globin
promoters. These promoter-bound factors would interact
with the LCR holocomplex by DNA looping to align
the cumulative transcriptional enhancement activity of the
LCR with the promoters and stimulate mRNA initiation
by the general transcription machinery. Expression of the
early genes (£ and y) would continue until the interaction
between the LCR holocomplex and the promoter is inter-
rupted by stage-specific silencing factors (Gumucio et al.,
1992). At this point the only productive DNA loop that
can be formed is between the LCR holocomplex and the
nearest unsilenced promoter to direct y-globin expression
in the fetus or 6- and f3-globin expression in the adult.
By forming a single LCR holocomplex from the four

HS, this model can account for the fact that globin
genes are in competition for the LCR in a polar fashion
(Hanscombe et al., 1991), that the activities of the indi-
vidual HS are additive, and that all the HS must be present
to obtain full levels of 3-globin gene expression (Fraser
et al., 1990). The model is also consistent with the
observation that all the HS of the LCR are developmentally
stable. These properties are difficult to explain by models
that do not invoke a holocomplex and that are based on
specific HS-promoter interactions (Engel, 1993). The
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holocomplex model could accommodate but makes no
prediction whether, for example, 5'HS3 and 5'HS4 prefer-
entially interact with the y- and f-globin promoters respect-
ively (Fraser et al., 1993). The holocomplex model is not
dependent on such preferential interactions and is fully
compatible with more recent data showing that there is
no preference (P.Fraser and F.Grosveld, unpublished data).

Chromatin-opening activity
What is required for the original chromatin-opening event
in the globin LCR? Clearly 5'HS3 contains a dominant
activity that overrides the effects of adjacent closed
chromatin in transgenic mice. At present we do not know
whether this domain corresponds to the 225 bp core
fragment of 5'HS3 (Philipsen et al., 1990). Due to
the nature of the single-copy transgene assay, promoter
sequences are required to obtain expression. We are unable
therefore to assess the possibility that 5 'HS3 requires
adjacent promoter elements to open chromatin (Reitman
et al., 1993). Dominant chromatin-opening activity does
not appear to be intrinsic to enhancer elements since the
5'HS2 enhancer is not active in single-copy transgenes.
In addition, the immunoglobulin heavy chain enhancer
integrated at random in transgenic mice is not sufficient
to form a DNase I-hypersensitive site nor activate tran-
scription of a linked promoter (Jenuwein et al., 1993).
Nevertheless, enhancer and chromatin-opening activities
may not be mutually exclusive because a liver-specific
enhancer element can be bound in vivo by trans-acting
factors that displace nucleosomes and precisely position
adjacent nucleosomes, resulting in a remodelling of
chromatin structure (McPherson et al., 1993).
Our finding that 5'HS2 is not functional at low copy

numbers but activates high levels of expression from
multicopy transgene concatamers suggests that multiple
5'HS2 elements may interact to open chromatin, or that
the spread of closed chromatin is limited by distance and
is unable to suppress transgenes that are centrally located
in the concatamer. By testing additional 5'HS2 constructs
we have ruled out the former possibility (J.Ellis et al.,
manuscript in preparation), again suggesting that chro-
matin-opening activity is not related to the sheer number
of HS present but rather to a specific domain in 5'HS3.
Future experiments will fine map this dominant chromatin-
opening domain and characterize the trans-acting factors
that bind to the region. Such a domain may be suitable for
regulating expression from retrovirus or adeno-associated
virus-based gene therapy vectors that integrate at single
copy.

Materials and methods
Transgenic mice
DNA fragments were gel-purified by Gene Clean (Bio 101) extraction
and Elutip (Schleicher and Schuell) columns. DNA concentration was
adjusted to 0.25 ng/,ul, microinjected into the pronucleus of
(C57BlXCBA)Fl fertilized mouse eggs, and transferred into
pseudo-pregnant F1 foster mothers as described (Kollias et al., 1986).
Transgenic mice were identified by Southern blot analysis and PCR on
DNA extracted from tail biopsies. Founder mice were bred to non-
transgenic F1 mice to obtain 13.5-day transgenic fetuses.

DNA analysis
Tail and fetal head DNA was extracted, digested with restriction enzymes
and 5 tg of each sample separated on 0.7% agarose gels. Southern blots

were performed overnight onto nitrocellulose filters and hybridized with
nick translated or random primed probes by standard procedures. Filters
were washed to a final stringency of 0.5 XSSC, 0.1% SDS and exposed
to XAR-5 film (Kodak) overnight at -70°C. Transgenic copy number
was calculated using a Phosphorlmager. Sequences of the primers used
for PCR (Figure 1) are: 1. 5'-GTCTTAGCCAGTTCCTTACAGCT-3';
2. 5'-TGTCACATTCTGTCTCAGGCATC-3'; 3. 5'-CATGGTTTGAC-
TGTCCTGTGAGC-3'; 4. 5'-GGTGGTTGATGGTAACACTATGC-3'

RNA analysis
RNA was extracted from 13.5-day fetal livers and subjected to Si
nuclease analysis as described (Antoniou et al., 1988). Probes were
labelled with T4 polynucleotide kinase and specific activities of human
f-globin (HP) relative to the mouse n-major (3maj) calculated as 2:1
by Cerenkov counting. Labelled probe (20 ng) was hybridized to total
RNA (1 tg) overnight at 54°C and digested for 2 h at 25°C with 75 U
of S I nuclease. The protected bands were quantified on a Phosphorlmager
and the % expression levels calculated according to the formula (HP/
2fmaj) XI 00 to account for the specific activity differences. Per cent
expression per copy was calculated as (2 jmaj genes/number Hp
transgenes)x % expression.

DNase I-hypersensitive site mapping
Between 8 and 12 transgenic fetal livers (13.5 days) were pooled for
each line and treated as described (Forrester et al., 1990). In brief, 1.2
ml resuspended nuclei were prepared by 20 strokes of a B-type Dounce
pestle and 100 jl aliquots were digested with increasing volumes of
80,g/ml DNase I for exactly 3 min at 37°C. Reactions were stopped,
digested with proteinase K, phenol/chloroform extracted and ethanol-
precipitated. The DNA pellet was resuspended in 100 tl water, 20 1l
was digested with EcoRI or PstI before Southern blot analysis and
hybridization to the human Pivs2 probe or mouse 3-globin LCR probe
respectively. Autoradiography was for 4 days. General DNase I sensitivity
was determined by digesting 10 gl of the resuspended DNA pellet with
BamHI and PstI before Southern analysis using the human ivs2, 3' end
and a mouse Thy I probe as probes.
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