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The human �-globin locus has been extensively studied as a model
of tissue and developmental stage-specific gene expression. Struc-
tural mapping of naturally occurring mutations, including trans-
fection and transgenic studies, and the recent finding of intergenic
transcripts have suggested that there are cis-acting sequence
elements in the A�–� intergenic region involved in regulating �-
and �-globin gene expression. To determine whether previously
identified sequences in the A�–� intergenic region are required for
appropriate developmental expression of the human �-globin
gene cluster, transgenic mice were generated by transfer of yeast
artificial chromosomes containing the entire human �-globin locus.
Three different deletions of the A�–� intergenic region were
introduced, including (i) deletion of the 750-bp A� 3� regulatory
element (A�e), (ii) deletion of 3.2 kb upstream of the �-globin gene
encompassing pyrimidine-rich sequences and the recently de-
scribed intergenic transcript initiation site, and (iii) deletion of a
12.5-kb fragment encompassing most of the A�–� globin intergenic
region. Analysis of multiple transgenic lines carrying these deletion
constructs demonstrated that the normal stage-specific sequential
expression of the �-, �-, and �-globin genes was preserved, despite
deletion of these putative regulatory sequences. These studies
suggest that regulatory sequences required for activation and
silencing of the human �-globin gene family during ontogeny
reside proximally to the genes and immediately 5� to the human
�- and �-globin genes.

Hereditary anemias caused by mutations in the �- and
�-globin loci are among the most common genetic disorders

worldwide (reviewed in ref. 1). The human �-globin locus spans
a chromosomal region of �80 kb and contains the locus control
region (LCR) and the following five functional genes that are
sequentially expressed during development: the embryonic �-,
the fetal A�- and G�-, and the adult �- and �-globin genes. The
LCR directs high-level erythroid-specific expression of the
�-globin gene family and encompasses five developmentally
stable, erythroid-specific DNase I-hypersensitive sites (5� HSs
1–5) located 6–18 kb 5� to the �-globin gene (reviewed in refs.
1 and 2).

In murine models, individual human �- and �-globin trans-
genes are expressed at low levels in the absence of the LCR, but
are regulated appropriately at fetal and adult stages of devel-
opment (3–8). The �� and A���-thalassemias and deletion forms
of hereditary persistence of fetal hemoglobin (HPFH) are
naturally occurring mutations associated with the persistent
expression of fetal hemoglobin in adult life, albeit at variable
levels. The presence of multiple positive and negative regulatory
elements in the A�–� globin intergenic sequences could explain
the differing phenotypes of seemingly similar structural dele-
tions. One of these elements, a 750-bp region located 3� to the
A�-globin gene, was originally defined as an enhancer (A�e) in
transient transfection assays (9–12). More recently, studies in
transgenic mice have suggested that sequences in this region may
have a role in developmental silencing of the A� globin gene (13).
A-T rich sequences within this element have been shown to bind

the A-T binding protein SATB1, a nuclear matrix- and scaffold-
associated DNA-binding protein (9–13).

Other sequences upstream of the �-globin gene, present in
most ��-thalassemia mutations and deleted in many of the
deletion HPFH variants, may also participate in silencing of the
�-globin genes. In transfection assays, the R region, located
2.3–4 kb upstream of the �-globin gene, had a negative regula-
tory effect on both the �- and �-globin promoters (14). Pyrim-
idine-rich sequences 960 bp 5� to the �-globin gene bound a
protein complex, PYR, with homology to the yeast SWI�SNF
family (15). This complex was primarily present in cells express-
ing adult globins and is made up of at least four proteins with
homology to known mammalian SWI�SNF subunits (15, 16). In
transgenic lines produced by transfer of a cosmid construct
containing the A�–� globin gene region with a 511-bp deletion
of these pyrimidine-rich sequences, delays in �-globin gene
silencing and �-globin gene activation were observed (16).

More recently, another potential role for sequences in the
intergenic regions has been suggested (17, 18). Stage-restricted
intergenic transcripts associated with the human �- and �-globin
genes were detected in primitive erythroid cells. Transcripts
associated with the �- and �-globin genes were detected at
embryonic day 12.5 (E12.5) and thereafter (17). In contrast,
transcripts from the LCR were detected at all developmental
stages. Other studies have described stage-independent inter-
genic transcripts (18). A transition from a relatively DNase-
sensitive to a DNase-insensitive region was detected upstream of
the �-globin genes, suggesting that some sort of chromatin
boundary exists 5� to the �-globin gene (17). The start site of the
5� �-intergenic transcripts maps to HUMHBB 51405 (GenBank
accession no. U01317) and overlaps with a minimal region of
structural difference between some HPFH and ��-thalassemia
deletions located 2.8–3.7 kb 5� to the �-globin gene (18). While
all these elements may play important roles in the developmental
regulation of globin genes, their regulatory role in the context of
the entire �-globin locus has not been examined.

Transgenic models have been developed in which the integrity
of the human �-globin locus is preserved by transfer of the locus
in yeast artificial chromosomes (YACs) (19–24). In the present
studies, the role of regulatory sequences in the region between
the A�- and �-globin genes was tested (i) by reproducing the 5�
breakpoints of African HPFH-1 and deleting sequences encom-
passing the PYR-binding region R, (ii) by deleting the entire
region between the A�- and �-globin genes, and (iii) by deleting
the A�e. Mutations were made by two-step homologous recom-
bination in a 150-kb YAC carrying the entire human �-globin
locus (25). The effects of the deletions on human �-, �-, and
�-globin gene regulation during development were assessed in
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transgenic lines generated by transfer of the recombinant �-
globin YACs.

Materials and Methods
Generation of Deletions in the A�–� Intergenic Region. The A201F4
yeast strain carrying a 150-kb YAC containing the intact human
�-globin locus (25) was modified by one-step gene disruption
(26). A LYS2 gene and a neophosphotransferase cassette were
inserted into the URA3 gene in the right arm of the YAC. This
process generated strain A20NL (for A201F4 neo�LYS2).

A�e Deletion. The A�e was deleted in a 753-bp HindIII fragment
between sites at 41364 and 42117, where the numbers indicate
the sequence position in the human �-globin locus (GenBank
accession no. U01317) HUMHBB. The 5� f lanking fragment was
an SspI (38683) to HindIII (41364) fragment. The 3� f lanking
fragment was a HindIII (42117) to SspI (44077) fragment. These
segments were inserted into the URA3-containing yeast inte-
grating plasmid (YiP) vector pRS-406 (Stratagene). The A�e-
deleted (A�e�) YiP was linearized by restriction with NheI, and
introduced into A20NL by the lithium acetate transformation
procedure (27), and recombinants were identified by selection
for URA3, LYS2, and TRP1 prototrophy.

Yeast cells with a single copy of the modified �-globin YAC
were grown overnight in yeast extract/peptone/dextrose (YPD)
medium, and were counterselected for the URA3 gene with
5-fluoroorotic acid (5-FOA) (28). Culture in 5-FOA results in
eviction of the YiP containing the URA3 gene, generating either
the WT �-globin YAC or a YAC with the targeted deletion of
the A�e. The integrity of the A�e� YAC was confirmed by
restriction mapping and Southern analysis, and by fingerprint
analysis of repeat sequences as described (25). (YAC mapping
data are shown in Fig. 5, which is published as supporting
information on the PNAS web site, www.pnas.org.)

D2 and D5 Deletions. Two overlapping deletions were made in the
A�–� intergenic region. The D2 deletion removes 3,169 bp 5� to
the �-globin gene. The D5 deletion extends 9.3 kb further 5� and
also removes the A�e (Fig. 1). A URA3-containing D5-YiP was
created by inserting DNA sequences that flank the 12.5-kb
region to be deleted, into pRS-406. The 5� segment was a
1,422-bp fragment from XhoI (39942) to HindIII (41364) frag-
ment. The 3� homologous segment was a 1,343-bp EcoRI (53871)
to BamHI (55214) fragment. The D5-YiP was linearized at the
unique SalI site in the 3� fragment and introduced into yeast
strain A20NL as described above. Allelic replacement in yeast
produced a 12.5-kb deletion from the HindIII site at position
41364 to the EcoRI site at position 53871.

Construction of the D2 deletion was achieved by using a
similar strategy by inserting 5� and 3� sequences flanking the
3.2-kb deletion into the YiP pRS406 generating the D2-YiP. The
5� f lanking fragment in the D2-YiP extended from XbaI (49459)
to EcoRI (50701). The 3� f lanking fragment was the same as in
the D5 construct. The D2-YiP was linearized at the unique SalI
site in the 3� homologous sequence and transferred into the
A20NL yeast strain as outlined above. The new yeast strains
containing the deleted form of the �-globin YAC were desig-
nated A20D5, A20D2, and A20A�e�.

YAC DNA Isolation and Microinjection. YAC DNA was purified as
described (19). The purified A20D5, A20D2, and A20A�e�
YACs were microinjected into fertilized oocytes from B6D2 F1
animals (The Jackson Laboratory) as described (29). Transgenic
animals were screened by PCR analysis of DNA, using primers
in the human �- and �-globin genes, and then by conventional
and long-range restriction mapping as described (25).

Structural Analysis of YAC Sequences in Transgenic Mice. The struc-
ture and copy number of the �-globin YAC locus in transgenic
animals were determined by Southern analysis of EcoRI-
restricted genomic DNA and SfiI-restricted chromosomal DNA
from F1 animals as described (19, 22). To normalize samples for
differences in DNA loading, Southern blots were hybridized with
a 32P-labeled 2.1-kb EcoRI fragment specific for the mouse Nrf1
gene as an internal control (31).

Primer Extension Analysis. Total RNA was isolated from embry-
onic yolk sac (E8.5–E11.5), fetal liver (E12.5–E16.5), or blood
(E18.5 and later) of transgenic embryos or animals, using

Fig. 1. Structure of the human �-globin locus YAC and deletions of the A�–�

intergenic region. (A) The A�–� intergenic region and the position of putative
regulatory elements. Open oval, the 3� A�-regulatory element; open rectan-
gle, the pseudo-�-globin gene; striped oval, the R silencer; small black oval,
pyrimidine-rich region. Vertical lines ‘‘R’’ designate EcoRI restriction sites. The
A�e�, D2, and D5 deletions are depicted by black lines below the map. Black
box 1 depicts the deletion made by Calzolari et al. (38). The ‘‘In’’ indicates the
location of the intergenic transcription initiation site (17). The black box 2
depicts the deletion made by O’Neill et al. (16). (B) The map of the human
�-globin locus in the A20 neo�lys YAC. The functional genes are depicted as
black boxes. Vertical arrows indicate the locations of DNase I-hypersensitive
sites. The vertical lines labeled ‘‘S’’ indicate SfiI restriction sites, and ‘‘Sa’’
designates a unique SalI restriction site. The black boxes below the linear map
designate the positions of probes used in Southern analysis. (C) A diagram of
the �-globin YAC sequences mapped by pulsed-field gel electrophoresis
(PFGE) in each of the A�e�, D2, and D5 lines. The size of the SfiI restriction
fragment is indicated on the right.

Gaensler et al. PNAS � March 18, 2003 � vol. 100 � no. 6 � 3375

G
EN

ET
IC

S



RNAzol-B solution (Cinna�Biotex Laboratories, Houston).
Primer extension analysis was performed with primers for m�h1,
m�maj, m�y, Hu�, and Hu�, as described (19). The primer for
human embryonic globin gene was 5�-GCCTCTTCCACAT-
TCATCTTG-3�. Primer extension products were quantified as
described (19).

Results
Structure�function correlations of HPFH and ��-thalassemia
have been difficult to establish, because the deletions are
overlapping, and they remove extensive sequences 3� to the locus
as well (reviewed in ref. 1). In this analysis, three deletions were
constructed in the A�–� intergenic region that reproduce natu-
rally occurring breakpoints, or delete specific elements, but do
not alter the promoters or the genes of the human �-globin locus.
Fig. 1 shows a map of the modified YAC, designated A20NL,
with the location of the deletions made and probes used to map
recombinant YACs and transgenic lines.

Construction of A�e� YAC and Structural Analysis of YAC Sequences
in Transgenic Lines. The A�e is located on a 750-bp HindIII
fragment 3� to the A�-globin gene. A URA3-containing YiP was
constructed with sequences flanking the A�e, and two-step
allelic replacement was performed in the A20NL strain. The
structure of the A�e-deleted (A20A�e�) �-globin YAC was
confirmed by Southern analysis (see Figs. 5 and 6, which are
published as supporting information on the PNAS web site).
Three transgenic lines were obtained carrying intact copies of
the A�e-deleted YAC and are as follows: A�e�.47; A�e�.54; and
A�e�.55. Probes for the LCR (pAHIII and 3.3), the human
globin genes, and sequences 3� to the �-globin gene all identified
the correct EcoRI restricted fragments in Southern analysis.
pulsed-field gel electrophoresis (PFGE) of SfiI-restricted murine
chromosomal DNA was performed to assess the structural
integrity of the YAC transgenic loci, as previously described
(Fig. 2; ref. 19). Line A�e�.47 contains a single intact copy of the
locus (Figs. 1C and 2). The larger 150-kb band reflects incom-
plete digestion of the SfiI site proximal to the �-globin gene (Fig.
2). In line A�e�.54 there were two intact copies, and a third
partial copy extending from the LCR through G� (Figs. 1C and

2). The complete copy or copies of the A�e� YAC in lines 47 and
54 extends from the 1.8-kb EcoRI probe 5� of the LCR to the
RK29 probe 3� to the �-globin gene (Figs. 1C and 2). Line
A�e�.55 had a single intact copy of the locus but expression was
difficult to detect and this line was not further analyzed (Fig. 2).

Analysis of Globin Gene Expression in A�e� YAC Transgenic Lines.
Primer extension analysis of samples from embryonic yolk sac,
fetal liver, or blood of transgenic embryos or animals was
performed and products were quantified as described (22). All
six of the murine and human globin primers (m�h1, m�maj, m�y,
Hu�, Hu�, and Hu�) were included in each reaction (Fig. 3).
Primer extension analysis of samples from WT line A85.68
appears at the top of Fig. 3. In lines A�e�.47 and A�e�.54, the
human �-globin genes were activated in the blood islands of the
yolk sac in concert with the human �-globin gene and m�y and
�h1. The levels of �-globin gene expression in E16 fetal liver and
adult blood samples were not higher in the A�e� lines than in
line A85.68 (Fig. 3). Activation of adult human �- and mouse
�-globin gene expression between E10.5 and E12.5 of gestation
was observed both in the A�e� lines and in line A85.68 in fetal
liver samples (Fig. 3). Thus, deletion of the A�e did not alter the
timing of either �-globin gene activation or of �-globin gene
silencing when compared with WT �-globin YAC line A85.68.
These data are in agreement with similar studies in other A�e
�-globin YAC transgenic mice generated with an A�-deleted
construct derived from the same A201F4 YAC (24).

Construction of Deletions of the A�–� Globin Gene Region in the A20NL
YAC. Two deletion mutants within the A�–� intergenic region, D2
and D5 (Fig. 1 A), were also constructed in the A20NL YAC by
two-step allelic replacement as described above. The D2 deletion
encompasses 3,169 bp extending to the EcoRI site immediately
upstream of the �-globin gene promoter HUMHBB (50701–
53871; Fig. 1 A). This deletion removes the PYR sequences that
bind the trans-acting PYR complex in in vitro binding assays (15,
16). It also removes sequences close to the 5� breakpoints of
Italian HPFH 5, the ��-thalassemia identified in African-
American individuals (32, 33), and the initiation site for inter-
genic transcripts 5� to the �-globin gene (ref. 17; Fig. 1A). In the

Fig. 2. Long-range Southern mapping of the A�e�, D2, and D5 transgenic mouse lines. Chromosomal DNA, embedded in agarose blocks, was digested with
SfiI and resolved by PFGE. DNA probes depicted in Fig. 1B were hybridized with Southern blots. With the exception of the 3.3-kb probe, all probes hybridized
with the same SfiI fragment(s), demonstrating the integrity of the YAC transgene. The 3.3-kb probe hybridizes with a 10-kb SfiI fragment (see Fig. 1B). Each panel
depicts Southern analysis of pulsed-field gels loaded with DNA from each of the lines as indicated.
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12.5-kb [HUMHBB (41364–53871)] deletion, the entire A�–�
intergenic globin region was deleted (Fig. 1 A). The structural
integrity of the deleted �-globin YACs, designated A20D5 and
A20D2, was confirmed by Southern analysis (Fig. 5; ref. 25).

Structural Analysis of �-Globin YAC Sequences in Transgenic Lines
Carrying the D5 and D2 Deletions. Microinjection produced three
independent �-globin YAC transgenic lines for each of the
deletion constructs. The A20D2 lines were designated D2.109,
D2.117, and D2.123. The D2.123 line had internal rearrange-
ments in the YAC and was not studied further (data not shown).
The A20D5 lines were designated D5.7, D5.10, and D5.15.
Long-range mapping of SfiI-restricted mouse chromosomal
DNA identified a single copy of the A20D2 YAC in lines D2.109
and D2.117 extending from the LCR through sequences in probe
RK29, located 30 kb 3� to the �-globin gene (Figs. 1C and 2). In
line D5.7, probes pAHIII, �, �, �, RK29, and DF10 all hybridized
to a 210-kb SfiI fragment, whereas probes �, �, �, RK29, and
DF10 also hybridized with a 160-kb SfiI fragment (Figs. 1C and

2). These results are consistent with the integration of two
tandem copies of the �-globin locus, where one copy contains the
intact locus and a second copy extends from the �-globin gene
to the region 30 kb 3� to the adult �-globin (Fig. 1C). In line
D5.10, several SfiI fragments were consistently observed that
hybridized with probes spanning from pAHIII to RK29 consis-
tent with a locus copy number of 4 (Figs. 1C and 2). The precise
arrangement of each of the four copies of the �-globin locus
could not be definitively established. In line D5.15, all probes
hybridized to a single 170-kb SfiI fragment, whereas sequences
in probes 1.8RI, 0.7B�RI, and 3.3RI 5� to the LCR were not
present (Figs. 1C and 2). Because of partial digestion at the SfiI
site 5� and proximal to the �-globin gene, two bands, differing by
10 kb in length (170 and 180 kb) are visible in the autoradiograph
(Fig. 2). Thus, lines D2.109 and D2.117 each contained a single
copy of the A20D2 YAC. Probes for the LCR (pAHIII, 3.3RI),
the �-, G�-, and �-globin genes, and sequences 3� to �-globin gene
(RK29) all identified the correct EcoRI fragments on Southern
analysis and confirmed the copy numbers demonstrated by
PFGE (Fig. 6).

Primer Extension Analysis of Globin Gene Expression in D2 and D5
Deletion Lines. The developmental expression of the human �-, �-,
and �-globin genes was compared in the A20D2, A20D5, and
A85.68 lines by plotting the mean of pooled results of the primer
extension analyses from several animals at each time point (Fig.
4). In all of the D2- and D5-derived lines, expression of the �- and
m�y-globin genes coincided. Activation of the human and mu-
rine adult �-globin genes occurred at E11.5–E12.5. Human
�-globin gene expression was detected in E8.5 yolk sac samples
(Fig. 4). Between E11.5 and E12.5, the relative levels of both the
�- and �-globin gene decreased, although expression of the
human �-globin gene persisted. In all A20D2- and A20D5-
derived lines, the level of �-globin expression did not exceed 4%
(1.5–3.9%) of mouse �-globin expression (when corrected for
copy number) at E14.5. At this developmental time point the WT
line A85.68 expresses �-globin at 3.3% of mouse �-globin per
copy. Furthermore, the pattern of �-globin gene expression
between E11.5 and E16.5 was the same for A85.68, D2.109,
D2.117, D5.7, and D5.10 transgenic lines (Fig. 4). Thus, neither
the 3.2-kb D2 deletion nor the 12.5-kb D5 deletion of the A�–�
intergenic region significantly altered the developmental timing
of the human �-globin gene expression during ontogeny, com-
pared with the WT �-globin YAC line A85.68.

Discussion
In these studies, the effects of several deletions in the human
A�–� intergenic region on the expression of the �-globin gene
family in YAC transgenic mice were analyzed. A number of
previous studies suggested that DNA sequences that participate
in silencing the fetal �-globin genes or activation of �-globin
genes were located in the A�–� intergenic region. Thus, we
hypothesized that making a deletion of either the A�e, the 3.2-kb
fragment upstream of the �-globin gene, or the 12.5-kb A�–�
intergenic fragment would impair fetal globin gene silencing or
affect �-globin gene activation. The normal regulation of the
human �-globin gene family we observed in mice with the A�e
deletion reproduces the results of a previous study in A�e-
deleted YAC transgenic mice (24). Despite the deletion of
putative regulatory elements in the A�–� intergenic region, a
total of five D2 and D5 transgenic lines reported here exhibited
a pattern of human globin gene expression during ontogeny
indistinguishable from that observed in four �-globin YAC
transgenic lines carrying the WT locus (19, 22).

YAC transgenic mice carrying the entire WT �-globin locus
are attractive models of developmental gene regulation, as they
exhibit more reproducible globin gene switching (19, 22) than do
transgenic mice carrying smaller �-globin constructs (9, 30, 34,

Fig. 3. Primer extension analysis of A�e-deleted lines. Autoradiographs of
primer extension analysis of RNA prepared from yolk sac (E8.5–E11.5), fetal
liver (E12.5–E16.5), or blood (E18.5 and E20.5). Bands specific for each gene
product were quantified by PhosphorImager (Molecular Dynamics) analysis.
To the right of each primer extension analysis is a graphic representation
showing the mean of at least three experiments. The mRNA level of the human
�-, �-, or �-globin genes is expressed as the fraction �, �, or ��(� � � � �) on the
y axis. The developmental time points at which tissues were harvested are
indicated on the x axis. Arrows indicate the position of each murine or human
mRNA-extension product. A85.68 is a transgenic line carrying a single copy of
the WT locus.
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35), and they maintain the normal spatial organization of the
locus. However, because mice express only embryonic and adult
�-globin genes, the extent to which murine transcription factors
recapitulate the normal control of the human �-globin locus
remains an important question. A number of studies of trans-
genic lines demonstrate that murine trans-acting factors, at least
partially, reproduce the regulation of the human �-like globin
genes. Thus, �-globin YAC transgenic mice carrying a T 3 A
transition at position �117 of A� gene promoter, associated with
HPFH in human populations, also exhibit persistent human fetal
globin gene expression (21). Studies of the phenotypes of
mutations introduced into the LCR or the 5� � silencer of
�-globin YAC transgenic mice have also provided new insights
into the mechanism of globin gene regulation (23, 36, 37). These
studies suggest that mutations in the human �-globin locus in
YAC transgenic mice recapitulate many of the effects of natu-
rally occurring mutations in the endogenous human locus.

Our results contrast with other studies of deletions 5� to the
�-globin gene (16, 17, 38). In a study by Calzolari et al. (38), a
2.5-kb deletion was made [HUMHBB (49834–52338)] that
extends further 5� in the A�–� intergenic region than does the D2
deletion, and it overlaps the D2 deletion by 1.6 kb (Fig. 1A, solid
bar 1). Position-effect variegation was observed primarily in the

single-copy line that was integrated near centromeric DNA, but
position effects were also evident in the multicopy line (38).
Nuclear runoff assays demonstrated decreased and delayed
transcription of the �-globin gene in the single-copy line (38).
However, in our studies the D5 deletion removes all of the
sequences in the Calzolari deletion, and no effect on the timing
of �-globin silencing or �-activation was observed (Fig. 4). We
cannot rule out the possibility that only the specific deletion
made in the Calzolari study delays �-globin activation, whereas
larger deletions obscure the phenotype. Although the initiation
site of 5� � intergenic transcripts identified by Gribnau et al. (17)
is deleted in the D2- and D5-derived lines, delayed �-globin gene
activation was not observed in the five transgenic lines. This
finding suggests that the initiation of intergenic transcripts from
this site 5� to the �-gene is not functionally required for appro-
priate stage-restricted activation of gene expression.

Our results also differ from the data of O’Neill et al. (16),
in which a 511-bp fragment encompassing a PYR element 5�
of the �-globin gene (Fig. 1 A, solid bar 2) was deleted from a
29-kb genomic fragment extending from the A�-globin gene
through the �-globin gene and linked to a 2.5-kb micro
(�)-LCR construct. Three mouse lines, two with one copy of
the locus, and one with three copies of the locus, demonstrated

Fig. 4. Primer extension analyses of the D2- and D5-deleted transgenic lines. (A Upper) Autoradiographs of primer extension products resolved on acrylamide
gels. The transgenic line from which tissues were harvested is indicated above each gel. The developmental time point of tissue harvest is indicated above each
lane. Specific extension products are indicated by arrows and labeled to the right and left of each autoradiograph. Graphic representations of the
PhosphorImager analysis are shown below the autoradiograph. (B) Graphic representation of developmental expression of D2.109 and D.117 are shown
individually and the mean expression of multiple experiments from both transgenic lines is also shown.
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a delay in the silencing of the A�-globin gene, and�or a delay
in the initiation of �-globin gene expression (16). However, the
extent to which delayed �-silencing and impaired �-activation
occurred varied among the three lines, again suggesting posi-
tion-of-integration effects. There are several possible expla-
nations for the different results of these analyses. In our
studies, a YAC containing the entire �-globin locus with its
native structure was used, as opposed to the �LCR construct
tested by O’Neill et al. (16). When the �LCR is linked to the
A�-globin gene, the overall structure of the transgenic con-
struct is significantly different from the normal arrangement
of the locus, particularly with respect to distance from the
LCR. The PYR region deleted in these studies was suggested
to have a locus-opening function that allowed transcription
factors to bind the DNA (16). The PYR complex that binds this
region also binds to DNA sequences within both �-globin
genes. It is possible, particularly in our transgenic mice with

the D5 deletion, that the �- and �-globin genes are brought into
close proximity of these PYR-binding sites, thus obscuring
the effect of deleting the 5� � PYR region. Our results are
consistent with the evidence that in the endogenous murine or
human �-globin loci, regulatory sequences essential for stage-
restricted expression are located proximally to each of the
genes. Sequences in other regions of the locus may play a
modulating role in gene expression but are not required for
sequential activation and silencing of the genes.
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