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Abstract

In addition to local sequence elements the regulation of the
high-level, development- and tissue-specific expression of the
human # globin gene cluster appears to require distant regula-
tory sequences which have been termed locus control region. In
the chromatin of erythroid cells the locus control region is char-
acterized by four DNaseI hypersensitive sites that are located
6-18 kb 5' of the E globin gene. The definition of the sequences
minimally required for locus control region activity is likely to
further the understanding of its physiology and will be of inter-
est for the development of somatic gene therapy strategies of
the hemoglobinopathies.

Wepresent here the analysis of a family with a 3,030-bp
deletion of sequences upstream of the e globin gene including
the most 3' locus control region element and cosegregating
fl0thalassemia. The deletion is linked in cis to a structurally and
functionally normal # globin gene. The proximal element of the
locus control region does not therefore appear to be necessary
for I globin gene activity in vivo. (J. Clin. Invest. 1991. 87:
2142-2146.) Key words: , thalassemia * somatic gene therapy -

DNaseI hypersensitivity * globin gene regulation- DNAdele-
tion

Introduction

Some of the sequence elements involved in the regulation of
globin gene expression are situated in close proximity to the
transcription start sites. Recombinant globin genes with mini-
mal flanking sequences have thus been shown to be expressed
inducibly in transfected erythroid cell lines (1-4) and tissue and
development specifically in transgenic mice (5-9). Also, retro-
virally transfected bone marrow cells exhibited erythroid spe-
cific expression of the exogenous ,3 globin gene (10). However,
the level of globin gene expression in those experiments was
position dependent and generally low. It appeared therefore
that additional regulatory elements are required to confer physi-
ologic levels of globin gene expression.
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The DNAflanking the lB globin gene cluster contains se-
quences that are arranged in the chromatin of erythroid cells to
be particularly sensitive to DNaseI degradation which presum-
ably reflects their availability to regulatory trans acting factors
(1 1). These DNaseI hypersensitive sequences were shown to
confer high level and position independent expression of a ft
globin gene in transgenic mice and in transfected cell lines (12).
This area has therefore been termed dominant control region
(DCR)1 (12), locus activating region (LAR) (13), or locus con-
trol region (LCR) according to an agreement on the nomencla-
ture reached at the 1990 Hemoglobin Switching Conference.
The ft globin LCRcontains four erythroid-specific DNaseI hy-
persensitive sites (termed HS 1-4) which are located in an area
6-18 kb 5' of the e globin gene (Figs. 1 and 2). The minimal
requirements for the # globin LCRto confer position indepen-
dent, high-level, and erythroid-specific expression of recombi-
nant globin or heterologous genes has been studied in enhancer
trap assays (14), in transgenic mice (12, 15, 16), and in trans-
fected cell lines (17-20). Although all these experiments sug-
gest a particularly important role of HS2 the respective influ-
ence of the other hypersensitive sites on regulated globin gene
expression is controversial. The enhancer trap and the trans-
genic mice assays indicate that HS 2 alone is both necessary
and sufficient for conferring high-level, erythroid-specific glo-
bin gene expression. The minimal sequence requirement for
this effect appears to be contained in a core of 300 (19) or even
46 bp (20). However, f# globin genes linked to the complete
LCRare more active in transgenic mice than those coupled to
HS2 only (21). The evidence obtained from transfected Friend
cells also points to a more complex interaction of at least three
of the four sites (22).

In vivo, the importance of the LCR for regulated globin
gene expression is less well documented (Fig. 1). Two deletions
encompassing much of the (B globin gene cluster including the
LCRbut not the # globin gene itself (23-25) result in a thalasse-
mic phenotype. However, these deletions are - 100 kb large
(26) and may therefore inactivate the structurally normal ft
globin gene by other mechanisms than deletion of the LCR.
Another deletion associated with a thalassemic phenotype re-
moves - 30 kb including the three most distal LCRelements
(HS 2-4) and sequences upstream indicating that HS 1 alone is
not sufficient for LCRactivity (27).

In the family presented here, a 3,030-bp deletion of the
most 3' LCRelement (HS 1) is demonstrated to be linked to a

1. Abbreviations used in this paper: DCR, dominant control region;
HS, DNaseI hypersensitive site; LAR, locus activating region; LCR,
locus control region; PCR, polymerase chain reaction; RFLP, restric-
tion fragment length polymorphism.
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Figure 1. Deletions of the ,B globin
LCRthat do not affect the structure
of the # globin gene. The top of the
figure shows a map of the ft globin
gene cluster with the DNase I hy-

o Ai~t~fffl persensitive sites, marked 1-4. The
7 '7 , |bottom shows the extent of the

Dutch, English, and Hispanic dele-
Du"i tions of -100 and 30 kb that result

in a thalassemic phenotype by inac-
- eguhh tivating the # globin gene in cis. This

report describes in more detail the
-IC Italian 3-kb deletion of HS 1 that

does not functionally affect the fi
bnuI globin gene in cis.

functional A globin gene in cis which indicates that HS 1 is not
necessary for LCRand ft globin gene activity in vivo.

Methods

Hematological analyses. These were performed using standard meth-
ods. HbA2 was measured chromatographically (28) and HbF by alkali
denaturation (29).

Restriction mapping. Restriction digests were performed with the
various enzymes according to the manufacturer's recommendations
(Pharmacia Fine Chemicals, Uppsala, Sweden). Southern blotting was
done using standard methods (30). The filters were hybridized with
32P-labeled genomic fragment probes. The 5' probe (pI in Figs. 2 and 3)
was a Bgl II/Hind III fragment isolated from the recombinant 5EIII
(31). The 3' probe (p2 in Figs. 2 and 3) was a BamHI/Eco RI fragment
containing the genomic e globin gene (32). The C-OT mutation at posi-
tion-158 of the 07 globin gene was detected by Southern blot analysis of
XmnI digested genomic DNAhybridized to a y globin gene probe.
The haplotype of DNApolymorphisms within the # globin gene cluster
(ft haplotype) was determined according to Orkin et al. (32).

Allele-specific oligonucleotide hybridization. The mutation of the ,
globin gene was determined after PCRamplification (30) of the 5' por-
tion of the (3 globin gene using 24mer oligonucleotides (5'-
TATGCTTACCAAGCTGTGATTCCA;5'-AGGGGAAAGAAA-
ACATCAAGGGTC)as primers. The amplification products were dot-
ted and UVcross-linked on nylon membranes and hybridized (33) to
32P-endlabeled 20 mer oligonucleotides (5'-CTCCTGAGGAGAAGT-
TCTGC; 5'-CTCCTGAGGGAAGTTCTGCC)spanning codon 6 and
representing the normal or the GAG--G-G mutated sequence.

DNAsequencing. The deletion breakpoint was PCRamplified with
primers (5'-AACACCTCTAGGCTATAAGGCAAC;5'-ATAAGG-
ACCAGGTATCTCAAGGCC)whose homologous sequences were

known by gene mapping studies to be preserved by the deletion (Fig. 2).
The amplified fragment was inserted into a pSP64 vector and se-
quenced by the dideoxy-nucleotide chain termination technique using
sequencing primers from both sides of the polylinker (30).

Results

Hematological analyses. The two Italian index patients pre-
sented with the clinical and hematological picture of homozy-
gous (3 thalassemia intermedia. The considerable production of
HbF is the likely reason for their relatively mild phenotype.
The parents showed the typical features of heterozygous # thal-
assemia minor without a hereditary persistence of fetal hemo-
globin synthesis (Fig. 4).

Identification of the A thalassemia mutation. The patients
and their parents were shown by allele-specific oligonucleotide
hybridization of PCRamplified (3 globin gene fragments to be
homozygous and heterozygous, respectively, for the codon 6
frameshift GAG-*.G-G (30thalassemia mutation (not shown).

Restriction mapping. (3haplotype analysis showed linkage
of the (3 thalassemia mutation to haplotype IX according to
Orkin et al. (32). The parents' normal # globin genes were
linked to haplotype I (Fig. 4). These two haplotypes differ at
multiple sites including the Hind II RFLP 5' of the e globin
gene. Xmn I mapping indicated the linkage of the ( thalasse-
mia mutation with the C-U-T mutation at position-1 58 of the
G globin gene promoter (not shown). This mutation has
previously been associated with raised HbF levels and a mild
clinical phenotype of homozygous # thalassemia (34-36) and is

HS 4 3 2 1 Figure 2. Restriction map of the
3,030-bp deletion of the DNase

IIIJoe I hypersensitive site 6 kb 5' of the
- I -3 Eglobin gene (HS l). The figure

HpBB S ,H BgXH HpHxS S H BxBgBg!Bg B BBg Bx H shows the region 5 of thee glo-
P Bx Hg Bx EPBxE Hg Hg Hg Hg E E Hg P bin gene including the # globin

1kb p1 p2 LCR. The 5' deletion breakpoint
is located between a preserved

Sac I and a deleted Hgi Al site and the 3' breakpoint between a further deleted Hgi Al and a preserved Bst XI site. The restriction fragment sizes
detected are shown in Table I. The e globin gene (e) and the probes used (pI and p2) are shown as solid bars and the deleted sequences by a
stippled bar. The HSare termed according to the nomenclature agreed at the 1990 Hemoglobin Switching Conference. The relevant restriction
sites are indicated by B (Bam HI), E (Eco RI), H(Hind III), P (Pst I), S (Sac I), Bg (Bgl II), Bx (Bst X1), Hg (Hgi Al), and Hp (Hpa I).
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likely to explain the intermediate severity of the hematological
picture of the two index patients described here.

Mapping of the region upstream of the e globin gene indi-
cated a deletion between a Bst XI and a Sac I site 3.1 and 6.7 kb

of the e cap site on the father's chromosome which he did not

inherit to either of his daughters (Table I, Figs. 1-4). The dele-
tion was thus linked to his structurally and functionally normal
,3 globin gene.

PCRamplification and DNAsequencing of the deletion
breakpoint region. The PCRprimers were chosen on the basis
of the restriction mapping data for the product to contain the
preserved Bst XI and Sac I sites. Sequencing of this fragment
(Fig. 5) located the 5' and 3' deletion breakpoints to short
stretches of five thydimylate residues 3,030 bp apart from each

7.5 Figure 3. Autoradiographs showing Southern blots of the
6.1 family members' genomic DNA(F, father, M, mother,

P1, first daughter, P2, second daughter) digested with the
4.6 indicated restriction enzymes and hybridized to the 1.3-

kb BamHI/Eco RI genomic eglobin gene probe (p2, see

also Table I and Fig. 2) and to the 1.2-kb Bgl II/Hind III
fragment located 10 kb 5' of the e globin gene (p1, see also
Table I and Fig. 2).

other and 3,560-6,590 bp 5' of the e globin gene's cap site
without any further obvious homologies. This deletion thus
removes the sequences to which the most 3' DNase I hypersen-
sitive site (HS 1) within the # globin LCRhas been mapped
(1 1-13, 17, Figs. 1 and 2). The deleted DNAcontains se-

quences that are thought to contribute to the notional enhancer
like character of this region including enhancer corelike se-

quences, a stretch of 28 T residues, a stretch of consecutive
pairs of alternating purin or pyrimidine bases (1 1), and multi-
ple recognition sites for the erythroid-specific DNAbinding
protein GF-I (37).

Discussion

Hb (g/dl) 12.9
MCH(pA) 19.2
MCv (fi) 62
HbA2 (%) 6.1
HbF (%) 0.6
Haplotype l/IX

Hb (g/dl) 9.8
MCH 'pg) 24.0
MCV (fl) 79
HbA2 (%) 1.6
HbF (%) 77

B Haplotype DXJx

13.7
20.3
67
5.5

1.2
VIx

10.4
23.0
76
1.7
71.6
DV/IX

Figure 4. Phenotypic expression of the HS 1 deletion. Both index pa-
tients are homozygous for a fl-thalassemia mutation (codon 6
GAG- G--G) and for a promoter mutation of the 0y globin gene
(C-UT at position-158) and presented with the clinical and hemato-
logic picture of thalassemia intermedia. These mutations were linked
to a haplotype of restriction polymorphisms in the P globin gene
cluster termed #IX according Orkin et al. (32). Both parents were

healthy and showed the typical hematologic picture of heterozygous
j# thalassemia. Their normal P globin genes were linked to the P
haplotype #1 and, in the case of the father, to the 3,030-bp deletion
of HS 1 (stippled).

The definition of the minimal requirements for the activity of
the #t globin LCRis likely to contribute to the understanding of
the complex mechanisms involved in globin gene regulation.
The studies in transfected cell lines and in transgenic mice sug-
gest that the chief LCReffect depends on short DNAsequences
within HS 2 or HS 3 (12-22). However, the interpretation of

Table L Restriction Mapping of the 3,030-bp HS I Deletion

Wildtype Deletion Wildtype Deletion

Sac I 15 13 4.7 4.7
Hpa I 24 24 8.6 8.6
Bst XI 7.7/4.6 7.7/4.6 1.3/1.2 1.3/1.2
Hgi AI 7.3 6.1 2.7/1.4 2.7/1.4
Bgl II 10.7 10.7 7.6 4.5
BamHI 12.4 12.4 15.5 12.5
Hind III 8.1 8.3 2 2
Eco RI 3.7 3.7 10.4 10.4
Pst I 13.5 10.5 3 3

Genomic digests with the indicated enzymes were Southern blotted
and hybridized to a 1.3-kb BamHI/Eco RI genomic e globin gene
fragment (p2 in Figs. 2 and 3) and to a 1.2-kb Bg1 II/Hind III fragment
located 10 kb 5' of the e globin gene (pI in Figs. 2 and 3). Restriction
fragment sizes are in kilobases.
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5'-N GCTTCT1TIATGATCACU(
Del GCITCT1T-TATGATCAC1C

3'-N GAAAGAAAAGCAATAAIC(

A C G T

U-

mow

r I TAATATGCrIAGTTCTGGGGTAC
3T ~ CATGGTATCTCADATGATAAAGMAA

CA GATGTATCTGATATGATAAAGAAA

Fikure .5. DNAsequence of the HS I 3,030-bp
deletion breakpoint region. The breakpoints
are located in short stretches of 5 T residues
6.590 and 3.560 bp 5' of the e globin gene's
cap site. There are no obvious areas of further
homology and the deletion seems to be the
result of an illegitimate recombination event.
The arrow, indicates the 5 T residues.

the experimental results is complicated by a number of vari-
ables which are difficult to be controlled for. Developing trans-
genic mice with a very high expression of exogenous globin
genes may thus become thalassemic and will probably be se-
lected against. Also, studies of transfected cell lines are unlikely
to reflect all relevant levels of gene regulation. It is important
therefore to corroborate the conclusions drawn from the experi-
mental approach by the observation of naturally occurring mu-
tants. An analysis of the three larger LCR deletions (Fig. 1)
supports the idea that HS2-4 are necessary and that HS 1 is not
sufficient for LCR activity (24, 25, 27). The 3,030-bp HS 1
deletion seen in the father of the family described here does not
segregate together with his thalassemic # globin gene (Figs. 3
and 4) and is therefore linked to the structurally normal allele.
The alternative interpretation of a change in linkage by meiotic
crossover would require a recombination on two independent
occasions within the 3 kb between the 3' deletion breakpoint
and the Hind II e RFLPwhich is part ofthe fB haplotype. Assum-
ing an average frequency of recombination of 0.01 (1%) in
1,000 kb the estimated likelihood for this alternative interpre-
tation is 9 x 10-8.

If HS 1 were a necessary functional element of the LCRan
impaired or absent function of the # globin gene in cis would
have to be expected. As the father is clinically healthy and
expresses the typical hematological features of heterozygous
thalassemia his phenotype shows that the #t globin gene in cis to
the deletion is functional. It appears, therefore, that HS 1 is not
required in vivo for a regulated expression of the (# globin gene
in cis which corroborates the experimental evidence indicating
that HS 1 is not a necessary element of the # globin LCR. This
finding may also be relevant for the development of strategies
for the somatic gene therapy of the thalassemias. One of the
chief obstacles to that end has been the position dependent and
generally poor expression of exogenous f globin genes in trans-
fected cells. As outlined above, this problem can be overcome
by introducing the LCRinto the recombinant constructs. How-
ever, the capacity for exogeneous DNAof retroviral vectors
suitable to complement the genome of bone marrow cells (10)
is too low to accomodate a # globin gene together with the 12

kb of the complete ,5 globin LCR. The analysis presented here
suggests that HS 1 might be more confidently omitted from
such vectors.
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