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To examine the function of murine 3-globin locus control region (LCR) 5’ hypersensitive site 3 (HS3) in its
native chromosomal context, we deleted this site from the mouse germ line by using homologous recombination
techniques. Previous experiments with human 5’ HS3 in transgenic models suggested that this site indepen-
dently contains at least 50% of total LCR activity and that it interacts preferentially with the human y-globin
genes in embryonic erythroid cells. However, in this study, we demonstrate that deletion of murine 5’ HS3
reduces expression of the linked embryonic £€y- and BH 1-globin genes only minimally in yolk sac-derived
erythroid cells and reduces output of the linked adult § (Bmajor plus Bminor) globin genes by approximately
30% in adult erythrocytes. When the selectable marker PGK-neo cassette was left within the HS3 region of the
LCR, a much more severe phenotype was observed at all developmental stages, suggesting that PGK-neo
interferes with LCR activity when it is retained within the LCR. Collectively, these results suggest that murine
5’ HS3 is not required for globin gene switching; importantly, however, it is required for approximately 30%

of the total LCR activity associated with adult 3-globin gene expression in adult erythrocytes.

The human B-globin gene cluster consists of a set of five
functional genes and one pseudogene. The cluster is active
exclusively in erythroid cells, and the individual B-like globin
genes are expressed during specific developmental stages (33).
Sequences local to the individual globin genes are sufficient to
direct developmental stage-specific and tissue-specific expres-
sion (3, 4, 6, 24, 37, 38), but high-level expression of the globin
genes depends on distant regulatory sequences collectively
called the locus control region (LCR) (33). The LCR is com-
posed of a series of erythroid cell-specific, developmentally
stable DNase I-hypersensitive sites (HSs) (5, 12, 39) that con-
tain the sequences essential for LCR activity (7, 11, 13, 16, 24,
29, 36).

Recent efforts have been directed toward determining the
essential sequences within the LCR. Homology comparisons
between the LCRs of humans, mice, goats, and rabbits have
revealed conservation of the HS cores but not the intervening
sequences (17-19, 22, 23, 25, 31). This finding suggests that the
conserved sequences define the HS; functional assays have
confirmed this hypothesis (12-14, 17, 18, 29, 30, 36). The HSs
have been tested individually in transient and stable assays in
tissue culture cells and in transgenic mice; 5" HS2, -3, and -4 do
indeed contain the information that directs high-level expres-
sion of linked genes.

Recent studies have focused on the activities of the individ-
ual HSs within the context of the entire B-globin cluster. These
approaches have been undertaken to avoid the complications
of studying small transgenes in which distant or undefined
regulatory influences may be missing. Transgenic animals have
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now been made by using large DNA fragments derived from
the B-globin cluster (1, 8, 15, 27, 28, 35); although these trans-
genes are correctly regulated, the levels of expression from
genes within the cluster vary with integration sites. These in-
tegration site effects may obscure quantitative effects of muta-
tions on globin gene expression. Finally, differences between
human and mouse cis and frans factors and globin gene-switch-
ing profiles may affect the interpretations of these transgenic
experiments.

As an alternative approach to studying the B-globin LCR,
mutations have been made by using homologous recombina-
tion and site-specific recombination technology. Kim et al. (20)
first modified the human B-globin cluster by using homologous
recombination in mouse erythroleukemia cell somatic hybrids
containing one copy of human chromosome 11. The Friend
virus long terminal repeat driving the hygromycin phospho-
transferase gene (hygro) was inserted into the human LCR
between HS2 and HS1. Even though no LCR sequences were
deleted, this insertion inactivated the linked human B-globin
gene. This finding suggested that the foreign marker gene was
competing with the B-globin gene for the activity of the LCR.
Fiering et al. (10) then demonstrated that the B-globin gene
could be reactivated by recombinase-mediated deletion of the
selectable marker following homologous recombination.

Fiering et al. (9) applied these technologies to delete HS2 in
mouse embryonic stem (ES) cells. The functional core of mu-
rine HS2 was deleted by homologous recombination, and the
selectable marker sequences were then removed by using FLP
recombinase. The murine HS2 deletion reduced expression of
the adult B-globin genes to approximately 30% of that of the
wild-type adult B-globin genes but had only minimal effects on
BH 1- and ey-globin gene expression.

The strong LCR activities of human HS3 have caused us to
focus our attention on this HS. Several groups have demon-
strated that HS3 directs high-level expression of linked human
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FIG. 1. Strategy for producing 5" HS3 mutant mice. (A) Maps of wild-type (WT) and mutant 5" HS3 loci. The top map depicts the wild-type 129/Sv] locus. The
positions of murine 5" HS3 and 5’ HS2 are indicated by the solid black boxes. The unshaded region represents the fragment used to construct the replacement vector,
shown immediately below. loxP sites flanking PGK-neo are represented by hatched boxes. The bottom three maps indicate the positions of EcoRI sites in wild-type
129/SvJ, AHS3/Neo+, and AHS3/Neo— loci. Note the EcoRI restriction fragment length polymorphism distinguishing the C57BL/6 and 129/Sv] mouse strains. (B)
Southern analysis of EcoRI-digested mouse tail DNA. Fragment sizes at the right of the figure correspond to the values below the maps in panel A.

B-globin genes in mouse erythroleukemia cells and transgenic
mice and that HS3 is the most active of the four individual
LCR sites in assays that require stable integration (13, 18, 29,
30). However, HS3 lacks classical enhancer activity in transient
assays (18, 26). Interestingly, HS3 preferentially activates vy-
rather than B-globin genes in the erythrocytes derived from the
yolk sacs and fetal livers of transgenic mice (14).

To determine the essential activities of murine HS3, we
created an HS3 loss-of-function mutation in mice by using ES
cells and homologous recombination technology. This muta-
tion has only small effects on ey-globin and BH1-globin gene
expression but reduces adult 3-globin gene expression in adult
animals by approximately 30%. The phenotype of this muta-
tion suggests that HS3 contributes approximately 30% of the
total LCR activity required for adult B-globin gene expression
and that either it is not required for embryonic globin gene
expression or its activity can be rescued by the remaining HS
within the LCR.

MATERIALS AND METHODS

Construct design. A positive-selection replacement vector was designed to
delete murine HS3 (Fig. 1A). The selectable marker consists of the neomycin
phosphotransferase gene (neo) driven by the phosphoglycerate kinase 1 gene
(PGK) promoter (32) and is flanked by 34-bp loxP sites to permit CRE recom-
binase-mediated removal. 5’ (0.7 kb) and 3’ (12.3 kb) targeting sequences were
subcloned from a 129/Sv genomic library (Stratagene). After homologous re-
combination, this vector produces a 2.3-kb Aval-EcoRV deletion that includes
the entire region containing murine HS3. The vector was linearized with Sall
prior to transfection.

ES cell culture. The ES cell line RW4 was derived from 129/SvJ blastocysts.
Cells were cultured on feeder layers of murine embryonic fibroblasts in the
presence of 1,000 U of leukocyte inhibitory factor per ml (32).

To obtain homologous recombinant ES cell clones, 10 million RW4 cells were
transfected with 10 pg of the targeting vector and selected on G418 (0.5 mg/ml

[total])-containing medium. Resistant clones were expanded and screened for
the deletion of HS3 by Southern analysis.

PGK-neo was deleted from homologous recombinant clone 257 by transfecting
cells with a plasmid containing the CRE recombinase plus PGK-hygro and se-
lecting on hygromycin B (0.5 mg/ml [total]; Calbiochem). Resistant clones were
screened for the deletion of PGK-neo by Southern analysis.

Production of mutant mice. C57BL/6J blastocysts were microinjected with 10
to 12 RW4 ES cells containing the desired mutation. Blastocysts were implanted
into pseudopregnant Swiss Webster foster mothers to obtain chimeric progeny.
Chimeras were mated with C57BL/6J mice, and mutations were transmitted
through the germ line to yield F, heterozygous animals, which were crossed to
produce F, animals.

RNA analysis. RNA was prepared as described previously (40). Expression
was quantitated by reverse transcription (RT)-PCR, restriction digestion, elec-
trophoresis, and phosphorimaging exactly as described by Fiering et al. (9).

RESULTS

Replacement of murine HS3 with PGK-neo. To determine
the essential functions of murine HS3 within its native chro-
mosomal context, we deleted HS3 by using homologous re-
combination techniques in ES cells. Figure 1A displays the
targeted region and the replacement vector used create the
HS3 mutation. The PGK-neo selectable marker is flanked by
0.7 kb of upstream targeting sequence and 12.3 kb of down-
stream targeting sequence. After homologous recombination,
a 2.3-kb deletion that includes all of the known sequences
required for murine HS3 function is produced (18). RW4 ES
cells from 129/Sv]J mice were transfected with the linearized
targeting vector, and G418-resistant clones were screened by
Southern analysis for replacement of HS3 with PGK-neo. Sev-
enty three clones were screened, and two homologous (AHS3/
Neo+) recombinants were identified.

Homologous recombinant 129/Sv] embryonic stem cells
were injected into C57BL/6 blastocysts, and the blastocysts
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FIG. 2. Representative RT-PCR analysis of globin mRNAs from AHS3 mice. (A) Analysis of adult B-globin gene expression in adult blood. Lane 1 shows the
BstXI-resistant 200-bp RT-PCR fragment from C57BL/6 blood RNA. Lane 2 shows the 178-bp cleaved RT-PCR product from 129/SvJ blood RNA. Lane 3 displays
equivalent levels of product from a wild-type (WT) C57BL/6 X 129/Sv] F1 hybrid. Lane 4 reveals a reduction in the 129/SvJ product relative to C57BL/6 product in
blood from a heterozygous mouse carrying the 5" AHS3/Neo+ mutation. Lane 5 reveals a less dramatic reduction in 129/SvJ product relative to C57BL/product in a
heterozygous mouse carrying the 5" AHS3/Neo— mutation. (B) Analysis of €y-globin expression in E10.5 RNA. Lane 1 shows the 140- and 107-bp fragments from the
cleaved RT-PCR product of C57BL/6 embryonic liver RNA. Lane 2 displays the 247-bp Xbal-resistant RT-PCR product from 129/SvJ embryonic liver RNA. Lane 3
shows the products from a wild-type F; embryo. The products in lane 4 are from a heterozygous animal carrying the 5" AHS3/Neo+ mutation. Note the reduction in
129/SvJ product relative to C57BL/6 product. The products in lane 5 are from an animal carrying the 5" AHS3/Neo— mutation; the relative reduction in the 129/SvJ
product is less severe. (C) Analysis of BH1-globin expression in E10.5 RNA. Lane 1 shows the 267-bp Xbal-resistant RT-PCR product from C57BL/6 embryonic liver
RNA. Lane 2 shows the 210-bp cleaved product from 129/SvJ RNA. Lane 3 products are from a wild-type F,; embryo. Lane 4 shows the reduction in 129/SvJ product
relative to C57BL/6 product in RNA from a heterozygous embryo carrying the 5" AHS3/Neo+ mutation. Lane 5 products are from a heterozygous embryo carrying

the 5" AHS3/Neo— mutation; the relative levels are approximately equivalent.

were then transferred to pseudopregnant females. Two chi-
meric mice transmitted the mutant 129/Sv] globin cluster
through the germ line. Heterozygous animals were identified
by Southern analysis as depicted in Fig. 1A. The origin of the
2.2-kb band resulting from EcoRI digestion of the AHS3/Neo+
homologous recombinant chromosome is shown in the map.
Figure 1B, lane 4, shows the Southern analysis of tail DNA
derived from a heterozygous AHS3/Neo+ mouse (note that
C57BL/6 mice lack the polymorphic EcoRI site just down-
stream from HS3). Heterozygous mice carrying this mutation
were bred to homozygosity.

Deletion of PGK-neo from the site of homologous recombi-
nation. We deleted PGK-neo from the site of homologous
recombination by using the CRE/lox site-specific recombinase
system. Homologous recombinant ES cells from clone 257
were stably transfected with a plasmid encoding the CRE re-
combinase and PGK-hygro; hygromycin-resistant clones were
screened for the deletion of the PGK-neo marker by Southern
analysis. Six of sixteen clones analyzed contained the deletion
of PGK-neo (AHS3/Neo— [data not shown]).

AHS3/Neo— clones were used to make mutant mice as de-
scribed above. Mice were genotyped by Southern analysis of
EcoRI-digested tail DNA. Figure 1A reveals the origin of the
3.7-kb band that is generated following the removal of PGK-
neo; Fig. 1B, lane 5, shows this band on a Southern blot of
DNA from a AHS3/Neo— heterozygous mouse. Mice contain-
ing the AHS3/Neo— mutation were also bred to homozygosity.

Quantitation of 3-like globin gene expression in mutant
mice. Globin gene expression was quantitated in heterozygous
mutant animals by using the RT-PCR assay described by Fi-
ering et al. (9). This assay distinguishes between expression
from C57BL/6 and 129/SvJ globin clusters by exploiting poly-
morphisms within the globin genes. The mutant chromosomes

are always derived from the embryonic stem cells (129/SvJ).
The C57BL/6 chromosome always contains a wild-type B-glo-
bin cluster.

The RT-PCR assay measures the effect of HS3 mutations by
comparing the expression from the mutant 129/SvJ globin clus-
ter with that from the wild-type C57BL/6 globin cluster. Mixing
experiments used in the development of the assay proved that
it performs accurately over ratios from 9:1 to 1:9 (9). Addi-
tionally, for every experiment performed in this study, we con-
firmed the accuracy of the RT-PCR assay by using wild-type
controls and mixtures of C57BL/6 and 129/Sv] RNA in 1:5 and
5:1 ratios (data not shown).

The effect of the HS3 mutations on adult 8 (Bmajor plus
Bminor)-globin expression was first examined by RT-PCR.
RNA derived from livers of day 14.5 embryos or the blood of
adult animals was analyzed. Primers were designed to span
intron 2 of both adult B-globin genes and amplify RNA from
both 129/Sv]J and C57BL/6 chromosomes. Restriction digestion
of the RT-PCR products with BstXI cleaves the 129/Sv] prod-
uct, but not the C57BL/6 product, as a result of a polymor-
phism between the two mouse strains. The digested samples
were electrophoresed on 6% polyacrylamide gels. Figure 2A
shows representative results of this assay.

Phosphorimaging was used to quantify the relative reduc-
tions in adult B-globin expression produced by the AHS3/
Neo+ and AHS3/Neo— mutations (Fig. 2A and 3). Analysis of
blood from a wild-type F, hybrid animal demonstrated that
levels of expression from the two chromosomes are virtually
equivalent. In contrast, the AHS3/Neo+ heterozygotes express
adult B-globin from the mutant 129/Sv] chromosome at 44% =+
4% of the level of the adult B genes from the wild-type
C57BL/6 chromosome. The AHS3/Neo— mutation reduces
adult globin gene expression to 70% = 3% of the wild-type
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FIG. 3. Adult B-globin gene expression in embryonic livers at day 14.5 and in
adult blood. RNA was analyzed by RT-PCR as described for Fig. 2 and quan-
tified by phosphorimaging. The level of adult B-globin gene expression from the
129/SvJ chromosome was recorded as a percentage of expression from the adult
B-globin genes of the wild-type (WT) C57BL/6 chromosome.

level. Similarly, at embryonic day 14.5 (E14.5), total liver RNA
from a wild-type control shows that levels of adult B-globin
expression from both chromosomes are virtually identical. Lev-
els of adult B-globin expression from the AHS3/Neo+ and
AHS3/Neo— mutant clusters, however, are 30% * 6% and
74% = 9%, respectively, of the wild-type level. These results
show that deletion of HS3 reduces expression of the adult
B-globin genes by 30% and that the presence of PGK-neo
within the HS3 region of the LCR reduces expression by an
additional 25 to 40%.

Because we removed PGK-neo by stably transfecting ES cells
with the CRE recombinase vector, it was necessary to confirm
that the recombinase gene did not influence globin gene ex-
pression in mice. The recombinase segregates independently
of the B-globin cluster, and so only half of the progeny of
chimeric animals contain the CRE gene. Southern analysis was
used to determine which animals contained the recombinase
and which did not (data not shown). We found no difference in
globin expression of animals with and without the CRE gene
and therefore conclude that the presence of the CRE gene
does not affect globin gene expression.

The effects of the HS3 mutations on embryonic globin gene
expression was next determined. RNA was prepared from
whole embryos at E9.5 and E10.5. RT-PCR was performed as
described above, using primers specific for the BH1- and ey-
globin genes. BH1 RT-PCR products from the 129/SvJ chro-
mosome are susceptible to Xbal cleavage, while BH1 products

MOUSE B-GLOBIN LCR 5" HS3 KNOCKOUT 2909

from the C57BL/6 chromosome are resistant. The converse is
true for gy-globin RT-PCR products: 129/Sv] products are
resistant, while C57BL/6 products are cleaved by Xbal. Figures
2B and C demonstrate the analysis of €y- and BH1-globin
RT-PCR products, respectively.

gy-globin expression is affected only minimally by the HS3
deletion (Fig. 2B and 4). The AHS3/Neo+ mutation reduces
gy-globin expression to 28% * 6% of the wild-type level on
E9.5 and to 42% * 4% on E10.5. The AHS3/Neo— mutation
reduces gy-globin expression to 77% * 7% of the wild-type
level on E9.5 and 83% = 9% on E10.5. Although the absolute
reductions are relatively small, these differences are both sig-
nificant at P = 0.01.

BH1-globin expression is reduced by both HS3 mutations, as
shown in Fig. 2C and 5. At E9.5 and E10.5, levels of BH1-
globin expression from the AHS3/Neo+ mutant cluster are
30% = 5% and 17% = 5% of that of the wild-type BH1-globin
gene. However, levels of BH1-globin expression from the
AHS3/Neo— mutant are 81% * 14% of the wild-type level on
E9.5 and 76% = 13% on E10.5. This result indicates that HS3
has only a small impact on BH1-globin expression before the
embryonic-to-adult switch. However, PGK-neo substantially
reduces the expression of the BH1-globin gene if it is left in the
HS3 position of the LCR.

Neither the AHS3/Neo+ nor the AHS3/Neo— mutation pre-
vents the developmental switch from embryonic expression to
adult expression. RT-PCR was performed on wild-type and
mutant RNAs from day 9.5, 10.5, and 14.5 embryos and from
adult blood. Adult B-globin mRNA was not detected at days
9.5 and 10.5. ey- and BH1-globin mRNAs were not detected in
adult blood (data not shown). The HS3 mutations appear to
influence only the level of expression from the B-globin cluster,
not the pattern of expression during development.

Partial embryonic lethality and mild adult thalassemia in
mice homozygous for the AHS3/Neo+ mutation. While ho-
mozygous animals bearing the AHS3/Neo+ mutation are via-
ble and not runted, they are born at non-Mendelian frequen-
cies. Ninety offspring from heterozygous AHS3/Neo+ matings
were obtained. The distribution of wild-type to heterozygous to
homozygous animals was 26:52:12. This finding suggests that at
some time during development (perhaps E9.5 to E10.5), the
level of B-like globin chains in homozygotes approaches the
minimum necessary for viability, and so only about half of the
embryos are able to survive this stage.

Table 1 shows the data from the complete blood counts of
wild-type F, hybrids and from heterozygous and homozygous
AHS3/Neo+ mice. Homozygous animals bearing the AHS3/
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FIG. 4. gy-globin gene expression at E9.5, E10.5, and E14.5. Results are displayed as described for Fig. 3.
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FIG. 5. BH1-globin gene expression at E9.5, E10.5, and E14.5. Results are displayed as described for Fig. 3.

Neo+ mutation have reduced mean cell volumes, hematocrits,
and mean cell hemoglobin concentrations; reticulocyte counts
are significantly elevated in these animals. These hematologic
values are consistent with the mild thalassemia syndrome that
would be predicted from a ~55% reduction in the total adult
B-globin gene output.

DISCUSSION

The goal of this study was to determine the essential func-
tions of murine B-globin 5’ HS3 within its native chromosomal
context. We therefore deleted HS3 by homologous recombi-
nation and then removed the selectable marker gene from the
mutant LCR by site-specific recombination. Surprisingly, ex-
pression from the linked B-like globin genes was reduced only
slightly by this mutation.

Our HS3 deletion removed all of the murine HS3 sequences
known to be necessary for HS3 function. The mutation re-
moved the murine sequences homologous to the conserved
HS3 regions from humans, goats, and rabbits (17, 22, 23, 29,
30); since all sequences with a high degree of conservation
were removed, our deletion was likely to be extensive enough
to eliminate all sequences important for HS3 activity. Impor-
tantly, our deletion includes the 1.9-kb HindIIl fragment
shown previously to contain the functional murine HS3 core
(18). The murine sequences immediately flanking this region
lack LCR activities in standard in vitro assays (18). Therefore,
even if nonconserved elements contributing to HS3 activity
remain within our mutants, these elements contain no residual
activities when separated from the HS3 core.

A series of experiments with human HS3 suggested that it
contained powerful, independent LCR activities. Fraser et al.
(13) showed that when individual HSs were linked to the hu-
man B-globin gene and tested in transgenic mice, the sum of
the expression conferred by the sites tested individually was

greater than the level for the intact LCR. In fact, the expres-
sion conferred by HS3 alone was 70% of the total LCR activity.
However, when a transgene was linked to a AHS3 LCR, ex-
pression was 50% of the wild-type level. These data implied
that the activities of some HSs are independent but that some
may be redundant. Later, Grosveld and colleagues (14, 35)
described the phenotype of mice expressing cosmid transgenes
that included the human +y- and B-globin genes. When the HSs
were tested individually (14), the sum of the activities approx-
imated that of a cluster linked to an intact LCR (35). The levels
of human globin gene expression in these studies suggested
that the HS activities would be additive. In more recent exper-
iments, Ellis et al. (7a) demonstrated that HS3, but not HS2,
was capable of directing B-globin gene expression from several
independent integration sites in transgenic mice containing
single-copy transgenes. On the basis of these results and ac-
companying chromatin analyses, the authors proposed that
HS3 contained the dominant chromatin-opening activity of the
LCR.

We found that the deletion of HS3 reduced expression of the
individual B-like globin genes from 10 to 30%. Similar results
were obtained when Fiering et al. (9) deleted murine HS2 by
using homologous recombination approaches identical to these
described here (Table 2). The minimal alterations in globin
gene expression obtained upon deletion of HS2 or HS3 suggest
that neither of these HSs contains the dominant chromatin-
opening activity of the locus. Although HS2 and HS3 have high
levels of LCR activity in transgenic mouse assays, the effects of
their removal on murine globin gene expression are small but
significant, especially for the adult B-globin genes. While con-
clusions about the redundancy of HSs cannot be made until the
remaining sites have been deleted, it appears that the loss of a
single HS can largely be compensated for by residual LCR
activity in the remaining HSs. However, since HS2 and HS3
deletions both cause a 30% reduction in adult B-globin expres-

TABLE 1. Complete blood counts of AHS3/Neo+ mice

Blood counts (mean * SD)

Genotype n
Hemoglobin (g/dl) Hematocrit (%) Mean red cell vol (fl) % Reticulocytes I(T(l)lgk/?rfr};lt f)s (11)(1)2;322)
+/+ 4 14.8 = 0.28 444 = 0.21 46.4 = 1.3 24+13 8.6 £2.6 709 + 254
+/- 6 162 = 1.5 48.1 = 4.6 452+ 14 4.0=3.0 8929 929 *= 167
—/— 5 13.8 = 0.33 38.8 £ 2.2¢ 38.8 £ 2.2¢ 12.7 £3.2¢ 122 £43 1,022 = 228

4P <0.01.
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TABLE 2. Phenotypes of AHS2 and AHS3 mutations

Globin expression

Embryonic Neo+ reduction
Mutation (A/Neo—, % of wt) viability of globin gene
Adult 8 &y BHI (A/Neo+, %) expression (%)
AHS2 70 100 85 0 40-90
AHS3 70 90 90 50 25-60

sion and small reductions in BH1- and &y-globin expression,
our results suggest that neither site can fully compensate for
the absence of the other.

Examination of B-globin cluster transgenes in association
with partial LCRs has suggested that individual human LCR
HS may preferentially interact with individual globin genes.
Fraser et al. (14) linked a cosmid containing the human -
and B-globin genes to individual HSs. While HS2 interacted
equally with y- and B-globin genes, HS3 preferentially in-
creased y-globin expression, and HS4 preferentially increased
B-globin expression. Additionally, Peterson et al. (28) de-
scribed deletions of individual HSs in the context of a yeast
artificial chromosome that contained the entire 8-globin locus.
Deletion of HS2 uniformly reduced expression from the clus-
ter, but deletion of HS3 preferentially reduced expression of
the e-globin gene. These studies implied that individual HSs
may function preferentially either with specific genes or at
specific stages.

The deletion of murine HS2 by homologous recombination,
however, does not produce the phenotype predicted by the
transgenic mouse experiments described above. While HS2
seems to interact with embryonic and adult globin genes
equally in tissue culture cells and in transgenic mice, the de-
letion in the mouse B-globin cluster reduces only adult 3-glo-
bin expression significantly.

In this study, as in the study of HS2, the deletion of HS3
does not display the preferential interactions predicted by the
transgenic studies (Table 2). Since €y- and BH1-globin expres-
sion are reduced only mildly by the HS3 deletion, HS3 must
not contain embryonic stage-specific activities; however, the
preferential reduction of adult B-globin gene expression sug-
gest that HS3 may contain some adult-specific activity. Previ-
ous studies using tissue culture cells in which HS3 was inactive
in the embryonic erythroid K562 environment but active in the
adult erythroid environment of mouse erythroleukemia cells
support these observations (18). Because we detected appro-
priately regulated globin gene expression from the mutant
cluster, HS3 is not required for globin switching; this result was
predicted, however, since human globin cluster transgenes
switch appropriately in the absence of the LCR (34).

The mild phenotype of the AHS3/Neo— mice contrasts with
the severe effect observed when human HS3 was deleted from
a yeast artificial chromosome containing the human B-globin
cluster. Bungert et al. (2) deleted human HS3 from a 150-kb
fragment containing the human B-globin cluster and found
that globin expression was completely eliminated at each stage
of development in transgenic mice. The severity of reduction
(>90%) in two independent founder lines makes this finding
unlikely to have resulted from integration site-specific effects.
Interestingly, the HS3 mutation in that study removes only 225
bp containing the HS3 core sequence. In contrast, the muta-
tion of murine HS3 reported here removes a 2.3-kb fragment,
which includes the core and flanking sequences. Bungert et al.
(2) hypothesized that the mutant yeast artificial chromosome
may contain residual HS3 motifs outside the core that lead to
a dominant negative phenotype. If the mutant human HS3
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lacked its transcriptional activating property but could still
interact with the other HSs or the B-like globin genes, it could
inhibit the activity of the entire LCR. In contrast, the more
extensive deletion of murine HS3 may eliminate both tran-
scriptional activation and interactions with other regions of the
B-globin gene cluster. Consequently, the redundant murine HS
activities could compensate for the loss of HS3 function. This
explanation suggests that the large deletion of murine HS3
may more accurately represent the true loss-of-function phe-
notype.

This study confirms the importance of deleting PGK-neo
from the site of homologous recombination prior to analyzing
the phenotypes of LCR mutants. The insertion of PGK-neo
reduced expression from the B-globin genes of the mutant
cluster as much as the deletion of HS3 itself. The insertion of
PGK-neo into the HS3 region provides the first example of a
disruptive effect when a selectable marker is placed upstream
of HS2. Previously, markers had been interposed only between
the active HSs (HS2, -3, and -4) and the globin gene cluster. In
this experiment, however, HS2 lies between PGK-neo and the
cluster, but the presence of PGK-neo still reduces globin ex-
pression from 25 to 60%. This reduction is perhaps less severe
than the 40 to 90% reductions observed when PGK-neo re-
placed HS2.

The mechanism by which PGK-neo disrupts the LCR is still
unclear. One possibility is that transcription through the LCR
can disrupt the activity of the HSs downstream from PGK-neo.
For the AHS2/Neo+ mutation, PGK-neo is transcribed 5’ to 3’
with respect to the B-globin cluster; for AHS3/Neo+, PGK-neo
is transcribed 3’ to 5'. If AHS2/Neo+ transcription disrupted
HS1 function, we would expect little or no effect, since HS1 has
minimal function (13, 21, 26). However, if AHS3/Neo+ tran-
scription disrupted HS4 function, an additional active HS
would be disabled and the resulting defect in the LCR activity
should be more severe. Since the AHS2/Neo+ phenotype is
more severe than the AHS3/Neo+ phenotype (Table 2), we
consider this mechanism to be unlikely. Changes in spacing
between HSs probably do not affect LCR function, since nat-
urally occurring polymorphisms that change the spacing of
sites without affecting globin gene expression have been de-
scribed (19). Finally, it has been suggested that PGK-neo com-
petes with the globin genes for an interaction with the LCR (9,
10, 20). This hypothesis is supported by our finding that when
PGK-neo replaces HS3 and is upstream from HS2, the impact
of the insertion upon globin gene expression is less severe than
when it replaces HS2 (9). Presumably, the globin cluster can
compete more effectively for HS2 activity when PGK-neo is
placed in an upstream position. The mechanism of PGK-neo’s
effects will be more clear after additional insertion positions
are examined within the LCR.

The viabilities of homozygous AHS2/Neo+ mice and ho-
mozygous AHS3/Neo+ mice differ. Homozygous AHS2/Neo+
mutant mice die in utero at approximately days 10.5 to 11.5. In
contrast, some AHS3/Neo+ mice survive, but they are born at
half of the expected Mendelian frequency. Embryonic globin
expression is not reduced as severely by the AHS3/Neo+ mu-
tation as by the AHS2/Neo+ mutation: the AHS3/Neo+ mu-
tation reduced ey-globin expression to 28% and BH1-globin
expression to 30% of the wild-type level on E9.5, but the
AHS2/Neo+ mutation reduced ey-globin expression to 11%
and BHI1-globin expression to 43% of the wild-type level on
E9.5. Since ey-globin contributes a greater percentage of total
embryonic globin than BH1-globin at E9.5 (35, 41), the effect
on survival may largely be due to this defect. From these data,
it seems likely that the AHS3/Neo+ mutation reduces &y-glo-
bin gene expression to the threshold necessary for survival.
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In conclusion, the deletion of murine HS3 from the 3-globin
LCR reveals a phenotype that is remarkably similar to that
observed in mice deficient for HS2 (Table 2). Neither of these
sites is essential for embryonic globin gene expression, but both
of them contribute approximately one-third of the total LCR
activity for adult B-like globin gene expression. These data
imply that each of these HSs has some activity that is not
duplicated by other sites within the LCR. Finally, these exper-
iments have clearly shown that murine HS3 does not prefer-
entially interact with embryonic globin genes, as was predicted
from previous experiments using large DNA fragments in
transgenic mice. Although the explanation for this difference is
not yet clear, future experiments designed to resolve these
differences may reveal important new insights regarding LCR
biology.
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