
RED CELLS

Locus control region activity by 58HS3 requires a functional interaction
with b-globin gene regulatory elements: expression of novel
b/g-globin hybrid transgenes
Joel E. Rubin, Peter Pasceri, Xiumei Wu, Philippe Leboulch, and James Ellis

The human b-globin locus control region
(LCR) contains chromatin opening and
transcriptional enhancement activities
that are important to include in b-globin
gene therapy vectors. We previously
used single-copy transgenic mice to map
chromatin opening activity to the 5 8HS3
LCR element. Here, we test novel hybrid
globin genes to identify b-globin gene
sequences that functionally interact with
58HS3. First, we show that an 850-base
pair (bp) 5 8HS3 element activates high-
level b-globin gene expression in fetal
livers of 17 of 17 transgenic mice, includ-
ing 3 single-copy animals, but fails to
reproducibly activate A g-globin trans-

genes. To identify the b-globin gene
sequences required for LCR activity by
58HS3, we linked the 815-bp b-globin
promoter to A g-globin coding sequences
(BGT34), together with either the b-globin
intron 2 (BGT35), the b-globin 3 8 en-
hancer (BGT54), or both intron 2 and the
38 enhancer (BGT50). Of these trans-
genes, only BGT50 reproducibly ex-
presses A g-globin RNA (including 7 of 7
single-copy animals, averaging 71% per
copy). Modifications to BGT50 show that
LCR activity is detected after replacing
the b-globin promoter with the 700-bp
Ag-globin promoter, but is abrogated
when an AT-rich region is deleted from

b-globin intron 2. We conclude that LCR
activity by 5 8HS3 on globin promoters
requires the simultaneous presence of
b-globin intron 2 sequences and the
260-bp 3 8 b-globin enhancer. The BGT50
construct extends the utility of the 5 8HS3
element to include erythroid expression
of nonadult b-globin coding sequences in
transgenic animals and its ability to
express antisickling g-globin coding se-
quences at single copy are ideal charac-
teristics for a gene therapy cassette.
(Blood. 2000;95:3242-3249)
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Introduction

One difficult aspect of gene therapy is in reproducibly obtaining
high-level, tissue-specific, and long-term expression from genes
transferred into stem cells.1-3 Because commonly used retrovirus
and adeno-associated virus (AAV) vectors integrate at single copy,
their transduced genes should be regulated by tissue-specific
elements that function at single copy. Locus control regions (LCRs)
are well suited for this task, as they direct reproducible expression
from all integration sites and transgene copy numbers. For
example, the humanb-globin LCR directs high-levelb-globin
transgene expression in erythroid cells of transgenic mice, regard-
less of the integration site, in general.4 LCRs have also been
identified in other tissue-specific loci such as the chicken lysozyme
locus5 and immunoglobulin mu locus.6 However, simple addition
of minimal LCR elements to a transgene does not necessarily result
in reproducible expression at all sites and copy numbers. In fact,
recent findings show that LCR activity requires linkedb-globin
gene sequences, and suggest that the utility of the LCR is limited to
the expression ofb-globin. For example, the fullb-globin LCR
cannot confer reproducible transgene expression in mice on other
gene sequences, such as theLacZ marker gene,7,8 g-globin
genes,9-11 or evenb-globin genes that lack a 38 element.12,13 To
successfully use LCR elements in gene therapy vectors that

integrate at single copy, it will be crucial to characterize the gene
proximal cis-acting sequences that functionally interact with the
LCR to make any given expression cassette LCR-responsive.

LCR activity is operationally defined as the ability to direct
high-level position-independent transgene expression in mice and
requires 2 functions: chromatin opening activity that directs
transgene expression at all integration sites and transcriptional
enhancement activity that boosts levels of transgene expres-
sion.14-16 In the humanb-globin locus, DNA elements that confer
LCR activity are located 6 to 18 kilobase (kb) upstream of the
e-globin gene and comprise at least 4 DNaseI hypersensitive sites
(HSs) that are developmentally stable and erythroid specific.4,17,18

Analysis of the humanb-globin LCR using linked cosmid or yeast
artificial chromosome (YAC) transgenes in mice, in which indi-
vidual HSs have been deleted or replaced with other HS elements,
indicates that each HS contributes to LCR activity and may
synergize via DNA looping to form a holocomplex.19-25 In contrast
to the transgenic approaches described above, deletion of HSs by
gene targeting suggests that the LCR is not required for chromatin
opening of the endogenous murine or humanb-globin loci.26,27

These findings have prompted some researchers to look for
additional regulatory elements upstream of the known murine and
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human LCRs28 and to propose alternative binary/linking models for
LCR function.14,29

The ability of small LCR elements to open chromatin at ectopic
sites and direct high-level transgene expression has great promise
for gene therapy. Our studies have revealed that chromatin opening
by the b-globin LCR does not require all 4 HSs. We have used
single-copy transgenic mouse lines to map chromatin opening
activity to a 1.9-kb 58HS3 element when it is linked to theb-globin
gene,30 but expression levels are reduced to about 26% per
copy. DNaseI digestion experiments demonstrated that 58HS3,
but not 58HS2, could open chromatin at all integration sites
tested.30 However, this study did not indicate whether 58HS3 was
sufficient for reproducible single-copy transgene expression or
whether this element requires a functional interaction withb-glo-
bin gene sequences.

There are several candidate regulatory elements within the
b-globin gene that might conceivably interact with 58HS3 to confer
LCR responsiveness. These include theb-globin promoter ele-
ment,31 the intragenic enhancer,31,32 and matrix attachment region
(MAR)33 in intron 2, and the 38 enhancer.31,32,34,35The b-globin
promoter and enhancers have been extensively analyzed, but their
role in LCR activation has not been systematically evaluated in
single-copy transgenic mice. The minimalb-globin promoter maps
to a 103-base pair (bp) fragment that is inducible by the LCR in
stable transfection studies and that has been fully footprinted for
transcription factor binding sites.36 We previously noted that the
265-bpb-globin promoter commonly used in gene therapy vectors
does not direct reproducible expression in single-copy transgenic
mice regulated by a 3.0-kb (58HS2-4) LCR cassette.37 In contrast,
the same LCR cassette directed single-copy expression from the
815-bpb-promoter. Similarly, LCR activation of multicopyg-glo-
bin transgenes is dependent on the length of theg-globin pro-
moter.38 These findings suggest thatcis-acting sequences in proxi-
mal globin promoters may have a role in LCR activation and
should be included in gene therapy cassettes.

With regard to theb-globin enhancers, we have recently shown
that reproducible expression from single-copyb-globin transgenes
regulated by a 4.0-kb (58HS1-4) LCR cassette requires 1.65 kb of
38 sequences that include the known 260-bpb-globin 38 en-
hancer.12 In addition, deletion of theb-globin 38 enhancer in YAC
transgenic mice causes a reduction inb-globin gene expression,
indicating that theb-globin 38 enhancer influences globin switch-
ing.13 These in vivo data suggest that 38 sequences may have a role
in LCR activation by 58HS3 and should also be included in gene
therapy vectors. This conclusion differs from earlier studies
showing that theb-globin gene enhancers have no role in
LCR-mediated induction of the promoter in stable transfection
studies36,39,40 and that led to their omission from mostb-globin
gene therapy vectors.40-43 The importance ofb-globin intron 2
sequences (that include the intragenic enhancer and MAR) for LCR
activity by 58HS3 has yet to be determined in transgenic mice.

In this study, we show that an 850-bp 58HS3 element confers
reproducible expression on a linkedb-globin transgene in mice.
However, 58HS3 is incapable of similarly activating a linked
Ag-globin transgene, demonstrating a requirement forb-globin
sequences in the reproducible activation of transgenes by this
element. To identify the criticalb-globin gene sequences, we
replaced Ag-globin sequences with various combinations of candi-
date b-globin regulatory elements. These hybrid transgenes all
retain the Ag coding sequences and are linked to the 850-bp 58HS3
element. We show here that theb-globin intron 2 and 260-bp 38
enhancer are involved in LCR activity mediated by the 58HS3

element, and are required for reproducible single-copy transgene
expression. In addition, we have extended the utility of the
b-globin LCR to include expression of the Ag-globin gene. Such a
b/g-globin hybrid gene with single-copy expression characteristics
is ideally suited for gene therapy of sickle cell anemia because the
g-globin protein has better antisickling properties thanb-globin.44

Materials and methods

Plasmid construction

Transgene constructs were derived from the plasmids pGSE1758,45

pBGT14,37 p141,43 and pAg-globin (provided by S. Philipsen). pGSE1758
contains a polylinker 58 of the 4.2-kbHpaI-EcoRV b-globin gene fragment
regulated by the 815-bp promoter. pBGT14 contains a 3.0-kb LCR cassette
and the 4.2-kbHpaI-EcoRV b-globin gene fragment regulated by the
815-bp promoter. The 3.0-kb LCR contains the 1.15-kbStuI-SpeI fragment
of 58HS4, the 0.85-kbSacI-PvuII fragment of 58HS3, and the 0.95-kb
SmaI-StuI fragment of 58HS2. p141 contains aSnaBI-PstI b-globin gene
fragment that includes a 372-bpRsaI-RsaI deletion in intron 2.

BGT9 was constructed by inserting the 850-bpSacI-PvuII fragment of
58HS3 into theXhoI site of pGSE1758 usingXhoI linkers. The 5.0-kb
transgene was purified as anEcoRV fragment.

BGT26 replaces all theb-globin gene sequences in BGT9 between the
SalI-XbaI sites with the 4.3-kbBspHI fragment of Ag-globin by blunt end
ligation. The 5.2-kb transgene was purified as anEcoRV fragment.

BGT34 inserts the 1.9-kbNcoI–HindIII fragment from Ag-globin into
the NcoI-EcoRV sites of BGT9 using anNheI linker at the incompatible
HindIII and EcoRV overhangs. The Ag-globin sequences extend from the
ATG translation start site located at theNcoI site used for subcloning, to
375-bp 38 of exon 3, including the polyA site but not the Ag-globin 38
enhancer. The 3.7-kb transgene was purified as anEcoRV-NheI fragment.

BGT35 inserts theb-globin intron 2 sequences as aBamHI–EcoRI
fragment into the compatibleBamHI–EcoRI sites of BGT34. These
changes also replace 4 Ag-globin codons (101-104) withb-globin exon 2
sequences, and 16 Ag-globin codons (105-119) withb-globin exon 3
sequences. Of these 20b-globin codons, 17 encode the same amino-acid as
Ag-globin. The 3 altered codons are described in the text. The 3.7-kb
transgene was purified as anEcoRV-NheI fragment.

BGT50 contains a polylinker at theNheI site of BGT35 that adds
EcoRV, AgeI, andClaI sites 38 of the hybrid globin gene. The 260-bpPstI
fragment containing theb-globin 38 enhancer was cloned into theNheI site
using linkers. The 3.9-kb transgene was purified as aClaI fragment.

BGT54 contains the 3.0-kbClaI-EcoRI fragment of BGT34 linked to
the 850-bpEcoRI-ClaI fragment of BGT50. The 3.9-kb transgene was
purified as aClaI fragment.

BGT76 contains the 2.1-kbClaI-BamHI fragment of BGT26 linked to
the 1.7-kbBamHI-ClaI fragment of BGT50. The 3.8-kb transgene was
purified as aClaI fragment.

BGT64 contains the 2.2-kbClaI-BamHI fragment and the 820-bp
EcoRI-ClaI fragment of BGT50 linked by the 540-bpBamHI-EcoRI
b-globin intron 2 fragment of p141. The 3.5-kb transgene was purified as a
ClaI fragment.

Generation of transgenic mice

Transgene DNA was prepared using Plasmid Maxi Kits (Qiagen, Santa
Clara, CA). Transgene fragments were liberated from their plasmid
backbones by digestion with the stated restriction enzymes. DNA fragments
were recovered from 0.7% Tris-Acetate-EDTA (TAE) agarose gel slices
using GeneClean II or GeneClean Spin Column Kits (Bio101, Vista, CA)
and Elutip-d columns (Schleicher and Schuell, Keene, NH), and resus-
pended in injection buffer (10 mmol/L Tris-HCl pH 7.5, 0.2 mmol/L
ethylenediamine tetraacetic acid [EDTA]). DNA concentration was deter-
mined by comparison with DNA standards run on agarose gels, and the
injection fragment was diluted to 0.5-1 ng/µL in injection buffer. The
diluted DNA was prespun for 20 minutes and aliquots removed for
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microinjection into fertilized FVB mouse eggs. Injected eggs were trans-
ferred into recipient CD1 female animals. Fetal mice were dissected 15.5
days after injection and DNA extracted from head tissue while the fetal
livers were saved frozen in halves for future analysis. Head DNA was
extracted by Proteinase K digestion overnight, a single phenol/chloroform
extraction and isopropanol precipitation. Transgenic fetuses were identified
by slot blot hybridization with the 58HS3 probe, using standard procedures.

DNA analysis

Southern transfer and hybridization were by standard procedures. Copy-
number determination was performed using a Molecular Dynamics Phos-
phorImager (Sunnyvale, CA). Single-copy animals showed a single random-
sized end-fragment inBamHI and EcoRI digests, hybridized with the
58HS3, b-globin intron 2, or Ag-globin 38 probes (Figure 1; Fragments
A-C). With multicopy animals, the intensity of the end-fragment was
defined as 1 transgene copy and was used to calculate the copy number of
the multicopy junction-fragment in the same lane. The intactness of the
transgene in the DNA sample was verified by Southern blot analysis using 2
sets of digests, 1 for 58 intactness and 1 for 38 intactness, appropriate for
each construct. The resulting fragments were hybridized to either 58HS3,
b-globin intron 2, or Ag-globin 38 probes. Nonintact transgenes were not
included in the calculation of copy number. Mice that were mosaic for the
transgene were excluded from the study after demonstration of insignificant
transgene contribution to fetal liver DNA by Southern blot analysis.

RNA analysis

Fetal liver (embryonic day 15.5) RNA was extracted using Trizol Reagent
(Gibco BRL, Gaithersburg, MD), 1 µg was hybridized to [g-32P]ATP-
labeled double-stranded 58DNA probe for humanb-globin detection,31 or a
[a-32P]dATP-labeled double-stranded 38 DNA probe (theEcoRI fragment
containing exon 3) for detection of human Ag-globin.46 A [g-32P]ATP-
labeled double-stranded 58DNA probe was used for mouseb-globin major
detection as a loading control.31 RNA/DNA hybrids were subsequently
digested with 75 units S1 nuclease (Roche Diagnostics, Laval, PQ, Canada)

and run on a 6% sequencing gel as described.31 Probe excess was
demonstrated by including a sample that contains 3 µg fetal liver RNA.
Specific activities of humanb-globin (Hb) or human Ag-globin (Hg)
relative to the mouseb major (Mb) probe is described for each S1 nuclease
experiment in the corresponding figure legend. The protected 170 nucleo-
tide (nt) Hg, 160 nt Hb, and 95 nt Mb bands were quantified on a Molecular
Dynamics PhosphorImager and the percentage expression levels calculated
according to the formula (Hb or g/ Mb) 3 100% and corrected for specific
activity differences between the probe preparations. Expression per trans-
gene copy was calculated as (2 Mb genes/number Hb or g trans-
genes)3 (% expression) / (% transgenicity)3 100%.

Results

To determine whether the 850-bp 58HS3 element can direct
high-level position-independent transgene expression when linked
to the b-globin gene, we created the BGT9 construct (Figure 1).
Theb-globin gene sequences in BGT9 include the 815-bpb-globin
promoter, the entireb-globin coding sequences, including both
introns, and 1.65 kb of 38 sequences, including the 260-bp 38
b-globin enhancer. To determine whether the 850-bp 58HS3
element requiresb-globin gene sequences for such LCR activity,
we also linked it to the Ag-globin gene (BGT26 construct). BGT26
includes the 700-bp Ag-globin promoter, the entire Ag-globin
coding sequences, including both introns, and 2.0 kb of 38
sequences, including the 38 Ag-globin enhancer.

Generation of transgenic mice

These DNA constructs were purified as linear fragments and
microinjected into fertilized FVB mouse eggs to create transgenic
mice. The fetuses derived from these eggs were dissected at
embryonic day 15.5 and genomic DNA extracted from head tissue,
while the fetal livers were frozen in halves for future analyses.
Positive transient transgenic founder animals were identified by
slot blot hybridization, and transgene copy number subsequently
deduced by genomic Southern blots after digestion withEcoRI and
BamHI, which we have previously shown can unambiguously
identify junction fragments that define single-copy transgenic
mice.37 All founder animals were characterized to determine
whether they harbored intact transgenes by Southern blot analysis
with multiple diagnostic restriction enzymes (Southern data not
shown). Finally, the proportion of transgenic cells in the fetal liver
was compared with a bred line control by Southern blot analysis.
DNA derived from half of the frozen fetal livers was digested with
AccI (BGT9) or PstI (Ag-globin transgenes) and the transgene
detected by theb-globin intron 2 or 58HS3 probes, respectively
(data not shown). Only animals containing at least 1 intact
transgene were analyzed and highly mosaic animals (less than 10%
transgenic cells in the fetal liver) were excluded from this study.

Requirement for b-globin gene sequences

Expression from BGT9 and 26 was assayed in transgenic mice by
S1 nuclease protection analysis in the fetal liver of 15.5-day
transient transgenic mice. For the BGT9 construct, expression was
analyzed using Hb and Mb probes (Figure 2). As a standard sample
for quantitation of Hb RNA levels, we included fetal liver RNA
from µD14 transgenic mice that express to approximately 100%
levels on a per copy basis.30 The BGT9 construct expresses
significant levels of humanb-globin mRNA in 17/17 transgenic
mice. Expression from 3 of 3 single-copy BGT9 mice ranges from
46% to 109% per copy of the Mb RNA, demonstrating that the
850-bp 58HS3 element directs reproducible single-copy transgene

Figure 1. Map of transgene constructs designed to determine the importance of
specific human b-globin gene sequences in LCR activity conferred by the
58HS3 element. The sequences used in each construct are outlined in ‘‘Materials and
methods.’’ The b-globin gene is indicated as a thick line with exons as black boxes.
b-globin gene regulatory elements are indicated by black arrows and include the
815-bp b-globin promoter (Prom), the AT-rich region (AT) that coincides with a known
MAR and intragenic enhancer (Enh) located in intron 2, and the 260-bp 38 enhancer
(Enh) located downstream of the gene. Ag-globin gene sequences are represented
as thin lines, and unfilled boxes (exons) or arrows (regulatory elements). Southern
probe fragments correspond to XhoI-XhoI fragment of 58HS3 in BGT9 (A), BamHI-
EcoRI fragment of b-globin intron 2 in BGT9 (B), and EcoRI-EcoRI fragment of
Ag-globin 38 sequences in BGT26 (C).
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expression when linked to the entireb-globin gene. In addition, the
BGT9 construct appears to express to a higher level at single copy
than the previously described 26% levels per copy from the 1.9-kb
58HS3 element.30

Similar expression analysis was performed on the BGT26
transgene using the Hg and Mb probes (Figure 3). As a standard
RNA sample for all the Hg S1 nuclease experiments, we included
BGT50-48 RNA(labeled C in all figures). Expression by BGT50-48
is equivalent to the highest expressing single-copy BGT9 mouse, in
that it contains 1 intact copy of the BGT50 construct (described
later) and expressesg-globin at 109% per copy of the level of Mb
(mean value from 8 experiments). S1 analysis of fetal liver RNA
from BGT26 transgenic mice shows that low to moderate level
expression is obtained in 2 of 3 animals with an undetectable level
in the third animal. These data demonstrate that 58HS3 cannot
direct position independent transgene expression on a linked
Ag-globin gene, and suggest that LCR activity by 58HS3 requires a
functional interaction withb-globin gene sequences.

Design of novel 5 8HS3 b/g-globin hybrid transgenes

To identify theb-globin gene sequences required for LCR activity
by 58HS3, we created several novel hybrid globin genes (Figure 1).
BGT34 contains 58HS3 linked to theb-globin 815-bp promoter
and the Ag-globin coding sequences terminating 375-bp down-
stream of exon 3. This construct does not contain the Ag-globin 38
enhancer, and the Ag-globin intron 2 has no known enhancer

activity. The remaining constructs are modifications of BGT34 that
all retain theb-globin promoter. BGT35 has a replacement of the
Ag-globin intron 2 sequences withb-globin intron 2. This adds the
b-globin intron 2 enhancer and MAR, but also alters 3 amino acids
in the Ag-globin coding sequences to their equivalents in the
b-globin gene (K104R, T112K, I116H). These changes do not alter
amino acids known to be important for antisickling effects.44

BGT54 is essentially the same as BGT34 but with the addition of
the 260-bp b-globin 38 enhancer 375-bp downstream of the
Ag-globin coding sequences. Finally, BGT50 contains both the
b-globin intron 2 sequences and the 260-bpb-globin 38 enhancer
inserted 375-bp downstream of the Ag-globin exon 3. BGT50
also contains the 3 amino acid alteration in the Ag-globin cod-
ing sequences.

Expression of 5 8HS3 b/g-globin hybrid transgenes

Expression from each of the 58HS3 b/g-globin constructs was
assayed in transgenic mice with S1 nuclease protection analysis in
the fetal liver of 15.5-day transient transgenic mice as above.
Human Ag-globin messenger RNA (mRNA) was detected in 4 of 7
BGT34 transgenic mice (Figure 3). These included 5 animals
containing an intact single-copy BGT34 transgene, and 1 animal
(34-71) that contained an intact copy and a partial transgene
(indicated by the asterisk). Only 3 of these 6 single-copy BGT34
animals expressed detectable levels, with a range of 0% to 74% per
copy. This finding demonstrates that theb-globin promoter is not
sufficient to rescue LCR activity by 58HS3.

Other candidateb-globin sequences that may functionally
interact with 58HS3 include the elements inb-globin intron 2 and
38 of the gene. Therefore, we analyzed 58HS3g-globin transgenes
containing the 815-bpb-globin promoter and eitherb-globin intron
2 (BGT 35) or the 260-bpb-globin 38 enhancer (BGT 54) or both
(BGT 50). A total of 6 of 7 BGT35 animals expressed the
transgene, including 2 of 3 single-copy animals that ranged from
0% to 39% per copy (Figure 4). These data show that theb-globin
promoter andb-globin intron 2 are not sufficient to rescue LCR
activity directed by 58HS3.

Similarly, BGT54 transgenes express significant levels of
Ag-globin mRNA in 5 of 6 single-copy animals (range 0%-76%
per copy) and in 8 of 9 multicopy animals (Figure 5). Of the 6
single-copy BGT54 animals, 2 contained an intact transgene and a
partial transgene (indicated by asterisks), and 1 sample represents a
single-copy bred line in which RNA expression was assayed in the
adult blood (indicated as the ‘‘line’’). However, 1 single-copy and a
3-copy animal express undetectable levels of Ag-globin mRNA.

Figure 2. Expression of human b-globin mRNA in transgenic mice containing
the BGT9 construct. S1 nuclease analysis on fetal liver RNA of 15.5-day founder
BGT9 transgenic mice showing that BGT9 is expressed in all 17 animals, including 3
single-copy mice. These data show that the 850-bp 58HS3 element can express
reproducible levels of b-globin transcripts. Relative specific activity of Hb/Mb probes
is 1:1. Hb, human b-globin protected probe fragment; Mb, mouse b major protected
probe fragment; N, nontransgenic; µD, 1 copy µD14 microlocus line (discussed
in text).

Figure 3. Expression of human A g-globin mRNA in transgenic mice containing
the BGT26 and BGT34 constructs. S1 nuclease analysis on fetal liver RNA of
15.5-day founder transgenic mice showing that BGT26 is expressed to low or
undetectable levels and that BGT34 is expressed at significant levels in 4 of the 7
transgenic mice. These data show that b-globin gene sequences are required for
reproducible single-copy transgene activation by 58HS3 and that the b-globin
promoter element is not sufficient for this activity. Relative specific activities of Hg/Mb

probes is shown. Hg, human Ag-globin protected probe fragment; Mb, mouse b major
protected probe fragment; N, nontransgenic; C, 50-48, the highest expressing
BGT50 single-copy transgenic mouse (discussed in text; see Figure 6); 3 3 , probe
excess control. Copy # 5 1*, 1 intact copy plus a partial copy of the transgene.

Figure 4. Expression of human A g-globin mRNA in transgenic mice containing
the BGT35 construct. S1 nuclease analysis on fetal liver RNA of 15.5-day founder
transgenic mice showing BGT35 is expressed at significant levels in 5 of the 7
transgenic mice. These data show that the b-globin promoter element and intron 2
sequence are not sufficient for reproducible single-copy transgene expression.
Abbreviations as described in Figure 3.
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This finding demonstrates that theb-globin promoter andb-globin
38 enhancer are not sufficient to rescue LCR activity by 58HS3.

Finally, the BGT50 construct was tested in transgenic mice, and
significant expression was detected in all 8 transgenic mice (Figure
6). Seven single-copy animals were generated, 2 of which con-
tained an intact and a partial transgene (indicated by asterisks). One
animal (50-225) is a single-copy bred line sample in which RNA
was assayed in the fetal liver. The average expression of single-
copy BGT50 transgenes is 71% per copy of Mb levels and ranges
from 40% to 109% per copy. Because only BGT50 was reproduc-
ibly expressed in all transgenic mice, including all 7 single-copy
animals, we conclude that LCR activity by 58HS3 on theb-globin
promoter requires a functional interaction with bothb-globin
intron 2 and the 260-bpb-globin 38 enhancer.

Expression from the A g-globin promoter

To determine whether theb-globin promoter is required, or that
b-globin intron 2 sequences and theb-globin 38 enhancer are
themselves sufficient for LCR activity by 58HS3, we created the
BGT76 construct (Figure 1). BGT76 is essentially the same as
BGT50 with the replacement of the 815-bpb-globin promoter with
the 700-bp Ag-globin promoter. Expression from BGT76 was
assayed in transgenic mice by S1 nuclease protection analysis in
the fetal liver of 15.5-day transient transgenic mice as above. All 17
BGT76 transgenic mice expressed detectable levels of human
Ag-globin mRNA (Figure 7). Five single-copy animals were
generated, 3 of which also contained a partial transgene (indicated
by asterisks). These single-copy transgenic mice expressed a mean
46% Mb levels ranging from 12% to 72%. This finding demon-

strates that the LCR activity by 58HS3 is not dependent on the
presence of theb-globin promoter. We conclude that the Ag-globin
promoter can also be activated by a functional interaction between
58HS3,b-globin intron 2, and the 260-bpb-globin 38 enhancer.

Requirement for an AT-rich region within b-globin intron 2

To determine whether the AT-rich region inb-globin intron 2
(located within a known MAR element) is required for LCR
activity by 58HS3, we created a derivative of BGT50 called BGT64
(Figure 1). BGT64 contains a 372-bp deletion inb-globin intron 2.
The deleted sequence is deleterious to the retrovirus life-cycle
when included inb-globin inserts as part of recombinant retrovirus
vectors.41,43 Expression from BGT64 was assayed in transgenic
mice by S1 nuclease protection analysis in the fetal liver of
15.5-day transient transgenic mice as described above. Thirteen of
17 BGT64 transgenic mice expressed detectable levels of Hg
mRNA (Figure 8), including 2 of 4 single-copy animals (range
0%-22% per copy). The 2 expressing single-copy animals con-
tained an intact transgene and a partial transgene (indicated by
asterisks). Of the 4 mice that did not express detectable levels of
transcript, 2 animals contained a single intact copy of the transgene
and 2 animals contained multiple copies of the transgene. These
data show that the 372-bp AT-rich segment deleted fromb-globin
intron 2 in BGT64 is important for LCR activity by 58HS3.

Discussion

Definition of the b-globin gene regulatory elements capable of
conferring responsiveness to the LCR 58HS3 element in transgenic

Figure 6. Expression of human A g-globin mRNA in transgenic mice containing
the BGT50 construct. S1 nuclease analysis on fetal liver RNA of 15.5-day founder
transgenic mice showing that BGT50 is expressed in all 8 animals, including 7
single-copy mice. These data show that the b-globin intron 2 and 38 enhancer
elements are sufficient for reproducible transgene expression when linked to the
58HS3 element and the b-globin promoter. Abbreviations as described in Figure 3.

Figure 7. Expression of human A g-globin mRNA in transgenic mice containing
the BGT76 construct. S1 nuclease analysis on fetal liver RNA of 15.5-day founder
transgenic mice showing that BGT76 is expressed in all 17 animals, including 5
single-copy mice. These data show that activation of single-copy transgenes by a
functional interaction between 58HS3, the b-globin intron 2, and 38 enhancer ele-
ments is not specific for the b-globin promoter. Abbreviations as described in Figure 3.

Figure 8. Expression of human A g-globin mRNA in transgenic mice containing
the BGT 64 construct. S1 nuclease analysis on fetal liver RNA of 15.5-day founder
transgenic mice showing that the BGT64 is expressed at significant levels in 13 of the
17 transgenic mice. These data show that the AT-rich region in b-globin intron 2 is
necessary for the single-copy expression characteristics of BGT50. Abbreviations as
described in Figure 3.

Figure 5. Expression of human A g-globin mRNA in transgenic mice containing
the BGT54 construct. S1 nuclease analysis on fetal liver RNA of 15.5-day founder
transgenic mice showing that BGT54 is expressed at significant levels in 13 of the 15
transgenic mice. These data show that the b-globin promoter element and 38

enhancer sequence are not sufficient for reproducible single-copy transgene expres-
sion. Abbreviations as described in Figure 3.
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mice serves the dual purpose of (1) examining the functional and
cooperative interactions of these elements, as well as (2) creating a
transgene cassette in which the expression levels are well suited for
gene therapy purposes. In this study, we define the minimal
combination of b-globin gene sequences capable of directing
position-independent transgene expression when linked to 58HS3,
and we place special emphasis on data obtained from single-copy
transgenes. Our results demonstrate that LCR activity directed by
58HS3 is only obtained in the presence of bothb-globin intron 2
and 38 enhancer elements. The BGT50 hybrid globin transgene is
ideal for gene therapy of hemoglobinopathies because it expresses
reproducibly at single-copy and expresses the Ag-globin gene
underb-globin gene regulation.g-globin protein has better antisick-
ling properties thanb-globin,44 and low-level expression of
g-globin is known to ameliorate the symptoms of both sickle cell
anemia andb-thalassemia.

58HS3 locus control region activity requires linked b-globin
gene sequences

The BGT9 construct demonstrates that the 850-bp fragment of
58HS3 contains LCR activity on both multicopy and single-copy
b-globin transgenes. This fragment is considerably smaller than the
1.9-kb 58HS3 element previously shown to possess chromatin
opening activity on single-copy transgenes. In addition, the 850-bp
58HS3 element directs approximately 70% levels ofb-globin gene
expression at single copy. As reproducible single-copy transgene
expression is not obtained from a 125-bp minimal 58HS3 core
element,37 our data demonstrate that sequences flanking the
minimal core in the 850-bp 58HS3 element are important for LCR
function. Flanking sequences extending beyond the 850-bp ele-
ment may actually reduce single-copyb-globin transgene expres-
sion to approximately 26% per copy as observed with the 1.9-kb
58HS3 fragment.30 However, results from the BGT26 transgenic
mice establish that the 850-bp 58HS3 element cannot reproducibly
express the Ag-globin gene. These data agree with published
findings,11,47 and demonstrate that 58HS3 LCR activity requires
linkedb-globin gene sequences.

b-globin intron 2 and 3 8 enhancer synergize to confer 5 8HS3
responsiveness.

A series ofb/g-globin hybrid genes were constructed to define the
minimal combination ofb-globin gene sequences required for LCR
activity directed by 58HS3. The hybrid transgenes and their
expression in transgenic mice are summarized in Table 1. From our
analysis, it is clear that 58HS3 responsiveness is not dictated by the
promoter alone. For example, BGT34 expresses in only 3 of the 6

single-copy mice. In the additional presence of either theb-globin
intron 2 or the 38 enhancer, expression improves to 2 of 3 (BGT35)
and 4 of 5 (BGT54) single-copy animals, respectively. Both of
these constructs provide more evidence that 58HS3 responsiveness
is not an inevitable consequence of theb-globin promoter, but
rather suggest that the likelihood of expression at any given
integration site is increased by the presence of intragenic or
downstream elements.

In contrast to the effect of theb-globin promoter, position-
independent transgene expression directed by 58HS3 was conferred
by the simultaneous presence of theb-globin intron 2 and 38
enhancer in the BGT50 and BGT76 constructs. These constructs
expressed in all 7 and all 5 single-copy animals, respectively, and at
high levels ranging from 40% to 109% per copy for BGT50 and
12% to 72% per copy for BGT76. The range of single-copy
transgene expression from BGT50 is equivalent to that from BGT9
(46%-109%) that contains the entireb-globin gene, showing that
no other b-globin gene sequences are required for full 58HS3
responsiveness. Although theb-globin promoter is not required for
LCR activity as seen by the reproducible expression in all 17
BGT76 mice that contain the Ag-globin promoter, theb-globin
promoter may account for the slightly higher levels of expression
detected in the BGT50 and BGT9 mice. The Ag-globin promoter is
not autonomously silenced by 15.5 days in BGT76 mice, but the
artificial configuration of b-globin intron 2 and 38 enhancer
sequences in this construct provides no information on sequences
required for Ag-globin silencing.

Together, these results show that a functional interaction
between 58HS3, theb-globin intron 2, and 38 enhancer elements is
absolutely required for single-copy transgene activation from
globin promoters. These findings are the first to support a role for
b-globin intron 2 in LCR activity in transgenic mice, and agree
with reports that LCR activity requires sequences that are 38 of the
b-globin gene. For example, we have previously demonstrated that
single-copyb-globin transgene expression from a 4.0-kb (58HS1-4)
LCR requires a fragment that includes 1.65 kb of 38 b-globin
sequences.12 Here, we refine the mapping of the required 38
sequences to the minimal 260-bp 38 b-globin enhancer.

58HS3 responsiveness requires AT-rich intron 2 sequences

To more finely map the sequences within theb-globin intron 2 that
are required for LCR activity by 58HS3, we deleted a 372-bp
AT-rich region in the BGT64 construct (Table 1). The results
show expression in only 13 of the 17 BGT64 mice, including 2 of
the 4 single-copy animals. These findings demonstrate that a
combination of the intragenic enhancer and the 38 enhancer is not
sufficient to direct LCR activity from 58HS3, even in the presence
of the b-globin promoter. Our conclusions therefore differ from
previous reports that AT-rich deletions do not disturbb-globin
expression in murine erythroleukemia (MEL) cells.41,43 The AT-
rich deletion lies outside of sequences that are required for splicing
or polyadenylation ofb-globin transcripts.48 As the AT-rich region
is completely embedded within a 540-bpBamHI-DraI fragment
that has MAR activity,33 our results may suggest that a MAR
element is required for reproducible single-copy transgene expres-
sion in conjunction with the presence of the 38 b-globin enhancer.
Similar functional interactions between MARs/facilitators and
enhancers have been described for the immunoglobulin mu49 and
ADA LCRs.50

The precise mechanism of these functional interactions among
LCR elements such as 58HS3, MARs, and enhancers has not been

Table 1. Description of locus control region (LCR) and globin gene regulatory
elements present in each b/g-globin hybrid transgene and a summary of
single-copy and total mice expressing these constructs

BGT 58HS3 Prom bivs2 b38enh

Mice Expressing

Single Copy Total

34 1 b 2 2 3/6 (0%-74%) 4/7

35 1 b 1 2 2/3 (0%-39%) 6/7

54 1 b 2 1 5/6 (0%-76%) 13/15

50 1 b 1 1 7/7 (40%-109%) 8/8

76 1 g 1 1 5/5 (12%-72%) 17/17

64 1 b D 1 2/4 (0%-22%) 13/17

The range of expression in single-copy animals for each construct is listed as a
percentage of Ag-globin transcripts to endogenous mouse b-globin major transcripts
on a per copy basis. Prom, promoter (either b or g); bivs2, b-globin intron 2; b38enh,
b-globin 38 enhancer; D, b-globin intron 2 present but containing a 372-bp AT-rich
region deletion.
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elucidated to date. We note that the Holocomplex model of LCR
function does not predict a requirement for gene-specific elements
other than for promoters. Our finding thatb-globin intron 2 and the
38 enhancer sequences are required for LCR activity by 58HS3 at
ectopic sites suggests that either these elements are involved in
chromatin opening or participate in additional DNA looping events
with the LCR or promoter. Alternatively, binding by transacting
factors to elements spread throughout theb-globin gene is compat-
ible with binary or linking models of LCR function. The Holocom-
plex and binary/linking models are not necessarily mutually
exclusive as a physical interaction between LCR elements and
promoters would not interfere with a functional requirement for
factors bound through the rest of the gene.

The function of the AT-rich region of theb-globin intron 2 in
LCR activity remains elusive. An MAR activity is located in this
region and may be important in vivo for the transgene DNA to
interact with the nuclear matrix. However, the Ag-globin 38
enhancer fragment also contains an MAR51 but is not sufficient to
rescue LCR activity in the BGT26 construct, suggesting that the
AT-rich region in b-globin intron 2 may have other important
functions. One possibility to consider is that AT-rich regions play
roles in both transcription and the initiation of DNA replication.52,53

As theb-globin intron 2 and 38 enhancer sequences are located within
important core and auxiliary elements of the humanb-globin origin of
DNA replication,54 we suggest that LCR activity directed by 58HS3
may, in fact, require a linked origin of DNA replication that is itself
LCR-responsive. This latter hypothesis is testable.

Novel 5 8HS3 b/g-globin transgenes used for gene therapy

The ability of our novel hybrid globin transgenes to express to high
levels at all integration sites and at single copy can be applied to

both erythroid-specific transgene expression cassettes in animals
and for gene therapy. For example, BGT50 is the first description of
Ag-globin coding sequences controlled by theb-globin regulatory
elements, and is well suited for DNA- or viral-mediated gene
therapy of both sickle cell anemia andb-thalassemia. Given that
BGT50 hybrid transgenes express reproducibly in the fetal livers of
transgenic mice, we predict that they will also function when
transferred directly into stem cells from cord blood or adult bone
marrow. Its 3.9-kb size is small enough for insertion into AAV and
retrovirus gene therapy vectors. However, the AT-rich region in
BGT50 has been reported to be deleterious to retrovirus replica-
tion,41,43 and, in fact, we have been unable to generate high titer
stable retrovirus vectors containing the hybrid transgenes (J.R. and
P.L., unpublished data). Deletion of the AT-rich region compro-
mises expression at single copy as observed with the BGT64
transgene construct. We suggest that viral-mediated transfer of
BGT50 hybrid genes for gene therapy might be best accomplished
with alternative vectors such as Semliki Forest Virus (P.L. manu-
script in preparation).

Finally, the BGT50 and BGT76 constructs extend the utility of
the b-globin LCR in transgenic mice to include reproducible
expression of Ag-globin transgenes. We suggest that any gene
could be expressed to high levels in erythroid cells by inserting its
cDNA or genomic exon/intron sequences (from the ATG site to 38

untranslated sequences) between theNcoI and BamHI sites of
BGT50. In this manner, theb-globin intron 2 would function as
part of a 38 untranslated region, and theb-globin polyadenylation
sites would be used for transcription termination. Such an expres-
sion cassette may be extremely useful for directing high-level
erythroid expression of nonglobin transgenes in animals.

References

1. Verma IM, Somia N. Gene therapy—promises,
problems and prospects. Nature (London). 1997;
389:239-242.

2. Weinberg KI, Kohn DB. Gene therapy for con-
genital lymphoid immunodeficiency diseases. Se-
min Hematol. 1998;35:354-366.

3. Rivella S, Sadelain M. Genetic treatment of se-
vere hemoglobinopathies: the combat against
transgene variegation and transgene silencing.
Semin Hematol. 1998;35:112-125.

4. Grosveld F, van Assendelft GB, Greaves DR, Kol-
lias G. Position-independent, high-level expres-
sion of the human beta-globin gene in transgenic
mice. Cell. 1987;51:975-985.

5. Bonifer C, Vidal M, Grosveld F, Sippel AE. Tissue
specific and position independent expression of
the complete gene domain for chicken lysozyme
in transgenic mice. EMBO J. 1990;9:2843-2848.

6. Forrester WC, van Genderen C, Jenuwein T,
Grosschedl R. Dependence of enhancer-medi-
ated transcription of the immunoglobulin mu gene
on nuclear matrix attachment regions. Science.
1994;265:1221-1225.

7. Tewari R, Gillemans N, Harper A, et al. The hu-
man beta-globin locus control region confers an
early embryonic erythroid-specific expression
pattern to a basic promoter driving the bacterial
lacZ gene. Development. 1996;122:3991-3999.

8. Guy LG, Kothary R, DeRepentigny Y, Delvoye N,
Ellis J, Wall L. The beta-globin locus control re-
gion enhances transcription of but does not con-
fer position-independent expression onto the lacZ
gene in transgenic mice. EMBO J. 1996;15:
3713-3721.

9. Stamatoyannopoulos JA, Clegg CH, Li Q. Shel-
tering of gamma-globin expression from position
effects requires both an upstream locus control

region and a regulatory element 38 to the A gamma-
globin gene. Mol Cell Biol. 1997;17:240-247.

10. Roberts NA, Sloane-Stanley JA, Sharpe JA,
Stanworth SJ, Wood WG. Globin gene switching
in transgenic mice carrying HS2-globin gene con-
structs. Blood. 1997;89:713-723.

11. Li Q, Stamatoyannopoulos JA. Position indepen-
dence and proper developmental control of
gamma-globin gene expression require both a 58

locus control region and a downstream sequence
element. Mol Cell Biol. 1994;14:6087-6096.

12. Pasceri P, Pannell D, Wu X, Ellis J. Full activity
from human beta-globin locus control region
transgenes requires 58HS1, distal beta-globin
promoter and 38 beta-globin sequences. Blood.
1998;92:653-663.

13. Liu Q, Bungert J, Engel JD. Mutation of gene-
proximal regulatory elements disrupts human ep-
silon-, gamma-, and beta-globin expression in
yeast artificial chromosome transgenic mice.
Proc Natl Acad Sci U S A. 1997;94:169-174.

14. Bulger M, Groudine M. Looping versus linking:
toward a model for long-distance gene activation.
Genes Dev. 1999;13:2465-2477.

15. Li Q, Harju S, Peterson KR. Locus control re-
gions: coming of age at a decade plus. Trends
Genet. 1999;15:403-408.

16. Grosveld F. Activation by locus control regions?
Curr Opin Genet Dev. 1999;9:152-157.

17. Tuan D, Solomon W, Li Q, London IM. The ‘‘beta-
like-globin’’ gene domain in human erythroid
cells. Proc Natl Acad Sci U S A. 1985;82:
6384-6388.

18. Forrester WC, Thompson C, Elder JT, Groudine
M. A developmentally stable chromatin structure
in the human beta-globin gene cluster. Proc Natl
Acad Sci U S A. 1986;83:1359-1363.

19. Milot E, Strouboulis J, Trimborn T, et al. Hetero-
chromatin effects on the frequency and duration
of LCR-mediated gene transcription. Cell. 1996;
87:105-114.

20. Navas PA, Peterson KR, Li Q, et al. Developmen-
tal specificity of the interaction between the locus
control region and embryonic or fetal globin
genes in transgenic mice with an HS3 core dele-
tion. Mol Cell Biol. 1998;18:4188-4196.

21. Peterson KR, Clegg CH, Navas PA, Norton EJ,
Kimbrough TG, Stamatoyannopoulos G. Effect of
deletion of 58HS3 or 58HS2 of the human beta-
globin locus control region on the developmental
regulation of globin gene expression in beta-
globin locus yeast artificial chromosome trans-
genic mice. Proc Natl Acad Sci U S A. 1996;93:
6605-6609.

22. Bungert J, Dave U, Lim KC, et al. Synergistic
regulation of human beta-globin gene switching
by locus control region elements HS3 and HS4.
Genes Dev. 1995;9:3083-3096.

23. Bungert J, Tanimoto K, Patel S, Liu Q, Fear M,
Engel JD. Hypersensitive site 2 specifies a
unique function within the human beta-globin lo-
cus control region to stimulate globin gene tran-
scription. Mol Cell Biol. 1999;19:3062-3072.

24. Tanimoto K, Liu Q, Bungert J, Engel JD. The poly-
oma virus enhancer cannot substitute for DNase I
core hypersensitive sites 2-4 in the human beta-
globin LCR. Nucleic Acids Res. 1999;27:
3130-3137.

25. Tanimoto K, Liu Q, Bungert J, Engel JD. Effects of
altered gene order or orientation of the locus con-
trol region on human beta-globin gene expression
in mice. Nature (London). 1999;398:344-348.

26. Epner E, Reik A, Cimbora D, et al. The beta-glo-
bin LCR is not necessary for an open chromatin

3248 RUBIN et al BLOOD, 15 MAY 2000 • VOLUME 95, NUMBER 10



structure or developmentally regulated transcrip-
tion of the native mouse beta-globin locus. Mol
Cell. 1998;2:447-455.

27. Reik A, Telling A, Zitnik G, Cimbora D, Epner E,
Groudine M. The locus control region is neces-
sary for gene expression in the human beta-glo-
bin locus but not the maintenance of an open
chromatin structure in erythroid cells. Mol Cell
Biol. 1998;18:5992-6000.

28. Bulger M, van Doorninck JH, Saitoh N, et al. Con-
servation of sequence and structure flanking the
mouse and human beta-globin loci: the beta-glo-
bin genes are embedded within an array of odor-
ant receptor genes. Proc Natl Acad Sci U S A.
1999;96:5129-5134.

29. Martin DI, Fiering S, Groudine M. Regulation of
beta-globin gene expression: straightening out
the locus. Curr Opin Genet Dev. 1996;6:488-495.

30. Ellis J, Tan-Un KC, Harper A, et al. A dominant
chromatin-opening activity in 58 hypersensitive
site 3 of the human beta-globin locus control re-
gion. EMBO J. 1996;15:562-568.

31. Antoniou M, deBoer E, Habets G, Grosveld F.
The human beta-globin gene contains multiple
regulatory regions: identification of one promoter
and two downstream enhancers. EMBO J. 1988;
7:377-384.

32. Behringer RR, Hammer RE, Brinster RL, Palmiter
RD, Townes TM. Two 38 sequences direct adult
erythroid-specific expression of human beta-glo-
bin genes in transgenic mice. Proc Natl Acad Sci
U S A. 1987;84:7056-7060.

33. Jarman AP, Higgs DR. Nuclear scaffold attach-
ment sites in the human globin gene complexes.
EMBO J. 1988;7:3337-3344.

34. Wall L, deBoer E, Grosveld F. The human beta-
globin gene 38 enhancer contains multiple binding
sites for an erythroid-specific protein. Genes Dev.
1988;2:1089-100.

35. Trudel M, Costantini F. A 38 enhancer contributes
to the stage-specific expression of the human
beta-globin gene. Genes Dev. 1987;1:954-961.

36. Antoniou M, Grosveld F. Beta-globin dominant

control region interacts differently with distal and
proximal promoter elements. Genes Dev. 1990;4:
1007-1013.

37. Ellis J, Pasceri P, Tan-Un KC, et al. Evaluation of
beta-globin gene therapy constructs in single
copy transgenic mice. Nucleic Acids Res. 1997;
25:1296-1302.

38. Stamatoyannopoulos G, Josephson B, Zhang
JW, Li Q. Developmental regulation of human
gamma-globin genes in transgenic mice. Mol Cell
Biol. 1993;13:7636-7644.

39. Collis P, Antoniou M, Grosveld F. Definition of the
minimal requirements within the human beta-glo-
bin gene and the dominant control region for high
level expression. EMBO J. 1990;9:233-240.

40. Li Q, Emery DW, Fernandez M, Han H, Stama-
toyannopoulos G. Development of viral vectors
for gene therapy of beta-chain hemoglobinopa-
thies: optimization of a gamma-globin gene ex-
pression cassette. Blood. 1999;93:2208-2216.

41. Sadelain M, Wang CH, Antoniou M, Grosveld F,
Mulligan RC. Generation of a high-titer retroviral
vector capable of expressing high levels of the
human beta-globin gene. Proc Natl Acad Sci
U S A. 1995;92:6728-6732.

42. Einerhand MP, Antoniou M, Zolotukhin S, et al.
Regulated high-level human beta-globin gene
expression in erythroid cells following recombi-
nant adeno-associated virus-mediated gene
transfer. Gene Ther. 1995;2:336-343.

43. Leboulch P, Huang GM, Humphries RK, et al. Mu-
tagenesis of retroviral vectors transducing human
beta-globin gene and beta-globin locus control
region derivatives results in stable transmission
of an active transcriptional structure. EMBO J.
1994;13:3065-3076.

44. Takekoshi KJ, Oh YH, Westerman KW, London
IM, Leboulch P. Retroviral transfer of a human
beta-globin/delta-globin hybrid gene linked to
beta locus control region hypersensitive site 2
aimed at the gene therapy of sickle cell disease.
Proc Natl Acad Sci U S A. 1995;92:3014-3018.

45. Talbot D, Collis P, Antoniou M, Vidal M, Grosveld

F, Greaves DR. A dominant control region from
the human beta-globin locus conferring integra-
tion site-independent gene expression. Nature
(London). 1989;338:352-355.

46. Kollias G, Wrighton N, Hurst J, Grosveld F. Regu-
lated expression of human A gamma-, beta-, and
hybrid gamma beta-globin genes in transgenic
mice: manipulation of the developmental expres-
sion patterns. Cell. 1986;46:89-94.

47. Navas PA, Josephson B, Furukawa T, Stamatoy-
annopoulos G, Li Q. The position of integration
affects expression of the A gamma-globin-encod-
ing gene linked to HS3 in transgenic mice. Gene.
1995;160:165-171.

48. Antoniou M, Geraghty F, Hurst J, Grosveld F. Effi-
cient 38-end formation of human beta-globin
mRNA in vivo requires sequences within the last
intron but occurs independently of the splicing
reaction. Nucleic Acids Res. 1998;26:721-729.

49. Jenuwein T, Forrester WC, Fernandez-Herrero
LA, Laible G, Dull M, Grosschedl R. Extension of
chromatin accessibility by nuclear matrix attach-
ment regions. Nature (London). 1997;385:
269-272.

50. Aronow BJ, Ebert CA, Valerius MT, et al. Dissect-
ing a locus control region: facilitation of enhancer
function by extended enhancer-flanking se-
quences. Mol Cell Biol. 1995;15:1123-1135.

51. Cunningham JM, Purucker ME, Jane SM, et al.
The regulatory element 38 to the A gamma-globin
gene binds to the nuclear matrix and interacts
with special A-T-rich binding protein 1 (SATB1),
an SAR/MAR-associating region DNA binding
protein. Blood. 1994;84:1298-1308.

52. DePamphilis ML. Replication origins in metazoan
chromosomes: fact or fiction? Bioessays. 1999;
21:5-16.

53. Cook PR. The organization of replication and
transcription. Science. 1999;284:1790-1795.

54. Aladjem MI, Rodewald LW, Kolman JL, Wahl GM.
Genetic dissection of a mammalian replicator in
the human beta-globin locus. Science. 1998;281:
1005-1009.

BLOOD, 15 MAY 2000 • VOLUME 95, NUMBER 10 NOVEL 58HS3 b/g-GLOBIN TRANSGENES FOR GENE THERAPY 3249


