MOLECULAR AND CELLULAR BIOLOGY, Apr. 1999, p. 3062-3072
0270-7306/99/$04.00+0

Vol. 19, No. 4

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Hypersensitive Site 2 Specifies a Unique Function within the
Human B-Globin Locus Control Region To Stimulate
Globin Gene Transcription

JORG BUNGERT,* KEIJI TANIMOTO, SUNIL PATEL, QINGHUI LIU, MARK FEAR,
AND JAMES DOUGLAS ENGEL

Department of Biochemistry, Molecular Biology and Cell Biology, Northwestern University,
Evanston, Illinois 60208-3500

Received 8 September 1998/Returned for modification 20 November 1998/Accepted 20 November 1998

The human -globin locus control region (LCR) harbors both strong chromatin opening and enhancer
activity when assayed in transgenic mice. To understand the contribution of individual DNase I hypersensitive
sites (HS) to the function of the human 3-globin LCR, we have mutated the core elements within the context
of a yeast artificial chromosome (YAC) carrying the entire locus and then analyzed the effect of these mutations
on the formation of LCR HS elements and expression of the genes in transgenic mice. In the present study, we
examined the consequences of two different HS2 mutations. We first generated seven YAC transgenic lines
bearing a deletion of the 375-bp core enhancer of HS2. Single-copy HS2 deletion mutants exhibited severely
depressed HS site formation and expression of all of the human (3-globin genes at every developmental stage,
confirming that HS2 is a vital, integral component of the LCR. We also analyzed four transgenic lines in which
the core element of HS2 was replaced by that of HS3 and found that while HS3 is able to restore the
chromatin-opening activity of the LCR, it is not able to functionally replace HS2 in mediating high-level globin
gene transcription. These results continue to support the hypothesis that HS2, HS3, and HS4 act as a single,
integral unit to regulate human globin gene transcription as a holocomplex, but they can also be interpreted
to say that formation of a DNase I hypersensitive holocomplex alone is not sufficient for mediating high-level
globin gene transcription. We therefore propose that the core elements must productively interact with one
another to generate a unique subdomain within the nucleoprotein holocomplex that interacts in a stage-specific

manner with individual globin gene promoters.

Locus control regions (LCRs) are highly specialized tissue-
specific DNA regulatory elements that are able to confer po-
sition-independent and copy number-dependent expression of
cis-linked genes when examined in transgenic mice. Since the
discovery of the human B-globin LCR (13, 20), a growing
number of genes or loci have been found to be regulated by
LCR-like activities. Most LCRs appear to be composite ele-
ments and, perhaps not coincidentally, contain several DNase
I hypersensitive sites (HS). The examples of genes regulated by
such elements include the human B-globin (45), the T-cell-
specific CD2 (18), the T-cell receptor «/3 (41), and the chicken
lysozyme loci (2). Higgs et al. (23) and Montoliu et al. (35)
have shown that single HS located upstream of the a-globin or
tyrosinase genes also bear multiple activities normally attrib-
uted to an LCR.

The human B-globin LCR, located from approximately 8 to
22 kbp upstream of the e-globin gene (13, 14, 47, 48) is com-
posed of four erythroid cell-specific (HS1 to HS4) and one
ubiquitous (HSS5) DNase I HS. This region mediates chromatin
opening over the whole B-globin gene locus and also is respon-
sible for stimulating high-level expression of the globin genes
throughout erythroid cell development (12). Perhaps most re-
markably, the LCR enhances transcription over a considerable
distance, more than 60 kbp in the adult human B-globin gene.
Characteristically, it is able to confer position-independent and
copy number-dependent expression to linked globin genes in
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transgenic mice. In addition, the human B-globin LCR is re-
quired for altered timing of DNA replication of the locus,
which initiates in erythroid cells from an origin located be-
tween the adult 8- and B-globin genes (1, 27).

The mechanism(s) by which the LCR elicits its multiple
activities is unclear. One model has proposed that the LCR
acts only indirectly, by providing an open, accessible chromatin
environment and that gene-proximal regulatory elements me-
diate the developmental switches as well as high levels of
globin gene expression (32). In a second, mutually exclusive
model, it was proposed that the LCR, after inducing chromatin
opening, directly interacts by DNA looping to stimulate high-
level, stage-specific expression of individual globin genes (10,
49).

The contribution of individual HS elements to the overall
function of the LCR is also somewhat controversial. Previous
studies showed that human B-globin LCR element HS2 is a
potent enhancer when analyzed in both transient- and stable-
transfection assays, showing that HS2 functions as a classical
enhancer in the absence or presence of chromatin (7, 46, 48).
In contrast, HS3 and HS4 were shown to function as potent
activators only when the constructs were integrated into chro-
mosomal DNA, indicating that for these two elements, chro-
matin environment plays an important role in their activity (7,
26, 36). Subsequent studies revealed that HS2, HS3, and HS4
act as strong individual enhancers in transgenic mice when
linked to cosmid constructs bearing the human y- and B-globin
genes (16). More importantly, Fraser et al. (16) showed that
individual HS elements exhibit stage-specific preferences for
enhancing particular globin genes in the various hematopoietic
compartments: only HS2 appeared to be equally active at the



VoL. 19, 1999

embryonic, fetal, and adult stages. It was originally concluded
that HS2 alone was able to provide copy number-dependent
and position-independent transcription to linked genes (5, 15),
but this view was challenged when it was shown that HS2 was
able to protect from position-of-integration effects only in mul-
tiply integrated transgene copies (8).

The entire transcriptional stimulatory activity of LCR HS2
was originally mapped to a 375-bp HindllI-Xbal restriction
fragment (46). This region contains a cluster of binding sites
for ubiquitous as well as tissue-specific transcription factors.
Several of these sites within the HS2 core element are highly
conserved among different species (22). It was shown that one
of these highly conserved elements is a 60-bp motif encom-
passing a tandem maf-responsive element (MARE) (37; also
referred to as an NF-E2 binding site). This element was shown
to harbor most of the enhancer activity of HS2, and a similar
configuration of tandem MARE:s is not found in other LCR
HS sites (39).

Here we report the analysis of seven transgenic lines con-
taining intact human B-globin yeast artificial chromosomes
(YACG:s) bearing a deletion of the 375-bp core enhancer of
HS2. The results show that deletion of HS2 results in a severe
reduction of e-globin gene expression in the embryonic yolk sac
and that expression of the adult B-globin gene is significantly
reduced in fetal liver and adult spleen. Moreover, in three of
the lines bearing single-copy transgenes, expression of all of
the genes is much more severely affected than in the context of
multiple tandemly integrated copies. We also analyzed four
transgenic lines carrying intact human B-globin YACs in which
the 220-bp core of HS3 was substituted for the 375-bp HS2
core enhancer. These results show that HS3 is unable to func-
tionally compensate for the loss of HS2 and demonstrate that
both HS2 and HS3 provide unique contributions to LCR ac-
tivity. Moreover, the substitution mutants are expressed in a
far more consistent manner from line to line than are the
deletion mutants, suggesting that although transcription is im-
paired, the substitution mutations protect the transgenes from
position-of-integration effects.

These experiments extend our earlier observations showing
that deletion of single core elements for HS3 or HS4 from
intact, single-copy transgenic YACs severely diminishes LCR-
mediated transcriptional activation (4, 29). Together, the data
show that deletion of any single-core HS element (HS2, HS3,
or HS4) abrogates the activity of the entire LCR. Deletion of
any of these core elements also causes variable DNase I hy-
persensitivity within the LCR that is dependent on the site of
integration into the mouse genome. We interpret these results
as being most compatible with a model in which an LCR
holocomplex provides a unique chromatin architecture that
protects transgenes from position-of-integration effects. This
architectural complex includes both the core elements and
their flanking sequences, and it can be partially restored if the
core element plus flanking sequences of any single LCR HS
site are deleted, if one HS core element is used to replace
another, or, indeed, even if multiple copies of a particular
transgene have integrated in tandem into the mouse genome.
Additionally, the core HS elements appear to be required to
cooperatively form a subdomain, or active site, within the su-
perstructure provided by the holocomplex, and it is this active
site within the holocomplex that is required specifically for
transcriptional stimulation.

MATERIALS AND METHODS

Generation of HS2 mutant human B-globin YACs by homologous recombi-
nation in yeast. Generation of mutant human B-globin YACs by homologous
recombination in yeast was carried out as described previously (4). A KpnI-BglIl
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fragment containing the core and flanking sequences of HS2 (from +7764 to
+9218; numbering within the locus as found at the Globin Gene Server Web Site
[17a]). was isolated from N DNA and ligated to the Kpnl-BamHI sites of
pGEM7. A PCR-fragment was generated from the pPGEM7/HS2 plasmid corre-
sponding to the HS2 5'-flanking region, incorporating unique restriction enzyme
sites for EcoRI and Xbal (from EcoRI at +7771 to Xbal at +8490). A similar
PCR fragment was generated corresponding to the 3’-flanking region of HS2,
incorporating restriction sites for Xhol and BamHI (from Xhol at +8861 to
BamHI at +9220). The PCR fragments were digested with Xbal (5’ flank) or
Xhol (3' flank), the ends were filled with Klenow to generate blunt ends, and the
fragments were subsequently digested with EcoRI (5") or BamHI (3') and then
ligated into EcoRI-BamHI-digested pRS306 (4). The targeting vector for replac-
ing the 375-bp HS2 core enhancer with the 220-bp HS3 element was generated
by ligating the two HS2-flanking sequences (EcoRI-Xbal and Xhol-BamHI frag-
ments), together with the Xbal-Xhol HS3 core enhancer (4), into the EcoRI-
BamHI sites of pRS306.

The vectors were linearized with Aval and used to transform yeast cells
containing the human B-globin YAC (A201F4.3 [46a]). Transformed yeast cells
were plated onto agarose plates lacking uracil. DNA was prepared from cells
growing on uracil-deficient medium and analyzed by Southern blotting for cor-
rect integration of the HS2 deletion or substitution target plasmid. Clones that
had the plasmid integrated into the homologous site of the B-globin YAC were
grown in uracil-containing medium and plated onto agarose plates containing
5'-fluoroorotic acid (FOA). Growth on FOA-containing plates indicates removal
of the URA3 gene by homologous excision within the YAC, generating cells with
either wild-type or the desired mutant B-globin locus structure. DNA was pre-
pared from these cells and analyzed by Southern blotting for the absence of the
core enhancer of HS2 or for the duplication of HS3. Yeast clones bearing the
mutant B-globin YACs were embedded in agarose plugs for pulsed-field gel
electrophoretic analyses or DNA isolation.

Generation of human B-globin YAC transgenic mice. YAC DNA was isolated
from pulsed-field gels as previously described (4) and injected into fertilized CD1
oocytes at 0.5 to 1 ng/ul. The offspring were screened by PCR for the presence
of the left and right YAC vector arms. Animals containing both vector arms were
bred to generate F; mice.

Structural analyses of human B-globin YAC transgenic mice. For analysis of
the copy number of the transgene, we first used an end-fragment assay. DNA
isolated from the tail of transgenic F, founders was digested with PstI and
electrophoresed in 1% agarose gels. After being blotted to nylon membranes, the
DNA was hybridized to radiolabeled DNA probes corresponding to either the
left (723-bp PstI-AlwNI fragment) or the right (639-bp Pvull-Aval fragment)
vector arm of the YAC (30). This assay distinguishes single-copy from multiple-
copy transgenes and further allows the determination of the arrangement of
multiple-copy transgenes (head to tail, tail to tail, head to head) by the appear-
ance of characteristic PstI junction fragments (30).

To analyze the overall integrity of the transgenes, thymus cells isolated from
each transgenic line were embedded in agarose, digested with proteinase K for
48 h, and digested with Sfil. After pulsed-field gel electrophoresis, the DNA was
blotted to nylon membranes and probed with various fragments spanning the
B-globin gene locus (4, 17). Sfil releases a 100-kbp fragment containing a seg-
ment of the B-globin YAC from a site between HS3 and HS4 to the right vector
arm, into which an Sfil site was introduced by homologous recombination (46a).

RT-PCR analysis of globin gene expression in human B-globin YAC trans-
genic mice. RNA was isolated from erythroid cells at various stages of develop-
ment (embryonic yolk sac at 9.5 days postcoitum (d.p.c.) fetal liver at 14 d.p.c.,
and adult spleen) and analyzed by reverse transcription-PCR (RT-PCR) as
described previously (4).

DNase I HS mapping. DNase I HS mapping was carried out as described
previously (12, 29). The probe used to detect the human B-globin LCR HS was
a 914-bp HindIII-Xbal restriction fragment derived from the 3’-flanking se-
quence of HS4. The probe for analyzing the mouse B™#°-globin gene promoter
HS site was a 498-bp PstI-Sacl fragment from the 5’ region of the gene (28).

RESULTS

Generation of HS2-mutant human f3-globin YACs. The en-
hancer activity of LCR HS2 has previously been mapped to a
375-bp DNA fragment, referred to as the HS2 core enhancer
(46). We deleted this 375-bp fragment from a human B-globin
YAC by using homologous recombination in yeast (Fig. 1A) (4,
30, 31). For this study, we also modified the original 155-kbp
human B-globin YAC (called A201F4 [17]) by inserting the
LYS2 gene, as well as a restriction enzyme site for Sfil, into the
YAC right vector arm, thus disrupting the URA3 gene (46a).
Disruption of URA3 facilitated subsequent manipulations
since it can be used for both positive and negative selection of
homologous recombinants in yeast. Additionally, the introduc-
tion of a new Sfil site enhanced our ability to analyze the
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FIG. 1. Generation and structural analysis of HS2-mutant human B-globin YACs in yeast and transgenic mice. (A) Replacement of the 375-bp core enhancer of
HS2 by the 220-bp core enhancer of HS3. Yeast cells were transformed with the targeting vectors (pRS3006, linearized with Aval, with or without HS3 embedded in
HS2-flanking sequences). Yeast clones containing the vector integrated at the homologous site were grown in the presence of FOA, which selects for cells excising the
URA3 marker together with either the mutant copy, thus restoring the wild-type configuration (1, HS54321), or together with the wild-type HS2 core element,
generating a mutant LCR in which either HS2 is deleted (2, HS54301) or replaced by HS3 (3, HS54331), respectively. (B) Pulsed-field gel electrophoretic and Southern
blot analysis of wild-type (lane 1) and mutant human B-globin YACs (HS54301 [lane 2] and HS54331 [lane 3]). Yeast chromosomes, embedded in agarose plugs, were
loaded on a pulsed-field gel. After electrophoresis, the DNA was transferred to nylon membranes and hybridized to a radiolabeled 290-bp HS4 core enhancer fragment.
(C and D) Southern blot analysis of yeast DNA carrying either wild-type (lane 1) or mutant YACs (HS54301 [lane 2] and HS54331 [lane 3]). Yeast DNA was isolated
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structure of the locus. Digestion of intact transgenes with Sfil
is predicted to yield a 100-kbp DNA fragment that contains
sequences from 5’ to HS3 through to the YAC right vector
arm.

The strategy for deleting HS2 or replacing it with HS3 is
outlined in Fig. 1A. The targeting vectors were linearized and
used to transform yeast cells carrying the modified human
B-globin YAC (called A201F4.3). After homologous integra-
tion and excision in yeast, the clones were analyzed for integ-
rity by conventional and pulsed-field gel Southern blots. These
studies show that no gross deletions or rearrangements oc-
curred during the targeting or excision steps (Fig. 1B). Figure
1C demonstrates that all markers of the B-globin gene locus
are present in the mutant YACs and that HS2 was successfully
deleted or replaced with HS3 (Fig. 1C and D). The mutant
YACs (called HS54301 and HS54331, according to our previ-
ous nomenclature [4]) were isolated and then microinjected to
generate transgenic mice.

Structural analysis of transgenic mice carrying human
B-globin YACs with HS2 deleted or replaced by HS3. We
generated and analyzed seven human B-globin YAC transgenic
lines bearing the deletion of the HS2 core enhancer (called
lines HS54301a to HS54301g) and four transgenic lines in
which the HS3 core replaced HS2 (HS54331a to HS54331d).
We performed four different experiments (three of which are
discussed here) to analyze the structural integrity and copy
number of the YAC transgenic lines.

First, we assayed transgenic-mouse genomic DNA for the
presence of characteristic restriction fragments derived from
the human B-globin gene locus (Fig. 1A) from 5’ of the LCR
to far downstream of the B-globin gene (4). Animals in which
specific globin locus fragments were missing or were not of the
correct size were discarded from further analysis (results not
shown).

Next, we analyzed the integrity of the integrated B-globin
YACs by pulsed-field gel electrophoresis (Fig. 1E). Mouse
genomic DNA from thymus cells was embedded in agarose,
digested with Sfil, and separated on 1% pulsed-field agarose
gels. The DNA transferred to nylon membranes was then hy-
bridized to probes derived from the 5'-flanking region of HS3
(4) or from the human B-globin gene (indicated in Fig. 1A).
Figure 1E shows that all of the lines analyzed here exhibit an
Sfil restriction fragment of 100 kbp that hybridizes to both 5’
and 3’ markers, indicating that all of the B-globin YACs are
integrated intact. Transgenic line HS54301e has an additional
hybridizing fragment which is slightly larger than 100 kbp and
which hybridizes only to the HS3 5’ probe, indicating that this
line carries at least one intact and one broken YAC (see
below).

Finally, we determined the copy number of the transgenes
by end-fragment analyses for both left and right vector arms
(30). As shown in Fig. 1F for the left-arm analysis, three of the
HS54301 transgenic lines bear one copy of the YAC (lines b, d,
and e), three of the lines harbor two copies (lines a, f, and g),
and one of the lines carries three copies (line c). The end-
fragment analysis for the right arm was consistent with the
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results of the left-arm analysis except for transgenic line
HS54301e (above), which revealed a single copy bearing the
right arm (results not shown). The four lines in which HS3
replaced HS2 (HS54331) bear one (lines a, ¢, and d) or two
(line b) transgenic YAC copies.

Taken together with the data from the pulsed-field analysis,
these experiments demonstrate that transgenic line HS54301e
carries one intact copy and one broken copy of the human
B-globin YAC arranged in a 5'-to-5 joining configuration.
Further analysis of this line with internal fragments showed
that the second copy of the YAC extends from the left YAC
vector arm to within the LCR just 3’ to HS3, indicating that
this transgenic line is also single copy with respect to the globin
genes (data not shown). Three of the four substitution lines
(HS54331a, HS54331c, and HS54331d) harbor intact, single
copies of the mutant human pB-globin YAC. One line
(HS54331b) has an additional left-vector-arm fragment, which
is characteristic for a 5'-to-5" configuration of the transgenes
(Fig. 1F). Since this line displays only two hybridizing frag-
ments in the right-arm analysis (results not shown), we con-
clude that this line carries two intact copies of the mutant
YAC. The copy numbers of the YAC transgenes, as deter-
mined in the end-fragment assay, were confirmed in indepen-
dent experiments by quantifying the intensities of internal frag-
ments in the YAC in comparison to the intensity of a band
from the mouse GATA-2 locus (reference 29 and data not
shown).

Expression in human 3-globin YAC transgenic mice with a
375-bp deletion of the core enhancer of HS2. To analyze the
expression of individual human globin genes in transgenic
mice, we performed a multiplex RT-PCR assay which amplifies
simultaneously the transcripts of the human &-, y- and 3-globin
genes as well as those of the endogenous mouse a-globin gene,
which serves as the internal control (4). The PCR products,
taken from the linear range of amplification as determined by
cycle number titration (insets in Fig. 2), were analyzed by
phosporimaging, and the expression levels of individual human
globin genes were presented as expression per gene copy. Two
samples derived from transgenic littermates were taken for
each line at each developmental stage (9.5-d.p.c. yolk sac,
14.5-d.p.c. fetal liver, or adult spleen).

The results of the expression analysis for the HS2 core de-
letion mutants are summarized in Fig. 2. These data show that
deletion of HS2 severely impairs the expression of the human
e-globin gene in the embryonic yolk sac, which was reduced by
approximately 10-fold in multicopy lines (HS54301a, HS54301c,
HS54301f, and HS54301g) or to undetectable levels in single-
copy transgenes (HS54301b, HS54301d, and HS54301e). Ex-
pression of the vy-globin genes in the 9.5-d.p.c. embryonic yolk
sacs was reduced by three- to sixfold. In the fetal-liver and
adult-spleen stages, expression of the B-globin gene was dimin-
ished, again by 3- to 5-fold in multiple copy lines but by more
than 10-fold in single copy lines. Expression of the +y-globin
genes in the fetal liver or adult spleen was undetectable in all
of the HS2 deletion mutant lines.

It is important to note that the effect of deleting the HS2

and digested with EcoRI (C) or Xbal (D). After electrophoresis the DNA was transferred to nylon membranes and hybridized with various radiolabeled probes derived
from throughout the human B-globin gene locus (as indicated in panel A) (4). (E) Pulsed field gel electrophoretic and Southern blot analysis of the integrity of mutant
human B-globin YAC transgenic mice (mutant lines HS54331a to HS54331d and HS54301a to HS54301g, as indicated). After electrophoresis, the DNA was transferred
to nylon membranes and hybridized to radiolabeled probes derived from the 5’-flanking region of HS3 (top) or to a fragment corresponding to the second intron of
the adult B-globin gene (bottom). (F) Analysis of the copy number of the mutant human B-globin YAC transgenes (same numbering as in panel E). Mouse genomic
DNA, isolated from the tails of transgenic mice, was digested with PstI. After electrophoresis and transfer to nylon membranes, the DNA was hybridized to a 723-bp
PstI-Awll fragment derived from the left YAC vector arm (H/H indicates the presence of two left-arm fragments integrated into a head-to-head configuration in

HS54331b, HS54301e, and HS54301g).
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FIG. 2. Analysis of globin gene expression in YAC transgenic mice bearing a
deletion of the 375-bp core enhancer of HS2. RNA was extracted from yolk sac
(at 9.5 d.p.c.), fetal liver (14.5 d.p.c.), or adult spleen (4 to 6 weeks) and subjected
to RT-PCR analysis was performed with a mixture of globin primers (amplifying
human &-, y-, and B-as well as mouse a-globin genes) and a radiolabeled nucle-
otide. After electrophoresis, samples (amplifying within the linear range) were
analyzed and quantified by phosphorimaging, as described previously (4). The
insert in each panel shows an autoradiograph depicting characteristic PCR prod-
ucts obtained from RNA extracted from the yolk sac (A), fetal liver (B), or
anemic spleen (C) of transgenic embryos or mice carrying the wild-type B-globin
YAC HS54321 (cycle numbers are indicated below the lanes). (A) Expression
profile of human globin genes in the embryonic yolk sac taken at 9.5 d.p.c. (B)
Expression profile of human globin genes in the fetal liver taken at 14.5 d.p.c. (C)
Expression profile of human B-globin genes in the adult spleen taken at from 4-
to 6-week-old anemic mice. The lines analyzed in each columns are indicated on
the left of each panel with the transgene copy numbers shown in parentheses
(WT, wild-type HS54321; a to g, HS54301 mutant lines). Levels of individual
globin gene transcription are expressed as a percentage of mouse a-globin gene
expression (which was set at 100%) per gene copy.

core element was always more dramatic in single-copy than in
multicopy transgenic-animal lines (see Discussion). In these
lines, expression of all the human globin genes is significantly
reduced and comparable to what we previously found when
analyzing single-copy B-globin YAC transgenic mice with de-
letion of either core element HS3 or HS4 (4). This result
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supports our previous conclusion that individual LCR HS sites
must cooperate to generate the active LCR and identifies one
more component that is crucial for this cooperativity.

The effect of deleting HS2 is less variable in multiple-copy
transgenic lines than in the single-copy lines. We interpret this
to mean that deletion of HS2 impairs the function of the LCR
in two different ways. The variation in expression levels of the
human globin genes probably results from the conclusion of
Milot et al. (34) that deleting individual HS elements renders
an enfeebled LCR unable to provide position-independent
expression to integrated LCR mutant transgenes. However, in
addition to this factor, these data strongly imply that deletion
of the HS2 core directly impairs the ability of the mutant LCR
to enhance the expression of individual globin genes. This
contention is best illustrated by the observation that expression
of the e-globin gene in all seven deletion mutant lines never
exceeds 10% of the expression level in the wild-type line. We
conclude that this impairment of the enhancement effect is
independent of the site of transgene integration effects and
thus reveals the true potential of LCR activity in these mutants
(see Discussion).

Expression analysis of mutant human (3-globin YACs con-
taining HS3 substituted for the core enhancer of HS2. Expres-
sion of the human B-globin genes in the four mutant transgenic
lines carrying a replacement of HS2 with HS3 (HS54331a to
HS54331d) was analyzed in the same manner as for the HS2
deletion mutants. Figure 3 summarizes these results. Tran-
scription of the human &-globin gene in the embryonic yolk sac
is undetectable in all four lines (HS54331a through
HS54331d), showing that replacing HS2 with HS3 did not
rescue the expression of the &-globin gene. Expression of the
v-globin genes in the embryonic yolk sac was reduced 1.5- to
2-fold compared to expression of these genes in the wild-type
line. The replacement of HS2 with HS3 therefore partially
rescues the expression of the +vy-globin genes in the yolk sac
stage. These results together suggest that the LCR containing
HS3 in place of HS2 has a preference for enhancing transcrip-
tion of the y-globin genes over the &-globin gene in the em-
bryonic yolk sac environment.

Transcription of the +y-globin genes in the fetal liver and
adult spleen was virtually undetectable in the four substitution
mutant lines, whereas expression of the adult B-globin gene
was reduced four- to fivefold compared to that in the wild type.
Once again, replacing HS2 with HS3 did not rescue transcrip-
tion of the adult B-globin gene. In fact, it appears that the
transcription of the B-globin gene in the fetal liver is less
efficient in the substitution mutants than in the lines bearing a
deletion of HS2. Since expression of the y-globin genes was
also undetectable at this stage in the substitution mutant lines,
we conclude that an LCR in which HS2 is replaced by HS3 is
only partially active in fetal liver erythroid cells. Taken to-
gether, the results show that HS3 is unable to functionally
replace HS2, and we conclude that these two elements play
different roles in the regulation of the human B-globin genes.
It should be noted, however, that the expression of the human
B-globin genes in the substitution mutant lines is far more
consistent from line to line than in the deletion mutants, sug-
gesting that the replacement of HS2 with HS3 may still allow
integration position-independent expression of the locus.

Analysis of DNase I hypersensitivity in the LCR of HS2
mutant human B-globin YAC transgenic mice. To examine
whether the inability of HS3 to functionally replace HS2 is
because it cannot reform HS2 hypersensitivity, we performed
DNase I HS-mapping experiments on wild-type, HS2 deletion
mutant, and HS2-HS3 substitution mutant B-globin YAC
transgenic lines. Figure 4A is a diagrammatic representation of



VoL. 19, 1999

A. yolk sac (9.5 dpc)

b(2) | hy
dq) O he
c()
a(l)

WT (1)

=

0 20 40 60 80 100 120 140 160 180 200

B. fetal liver (14.5 dpc)

2@ m hp
d) | hy
c()  Emmmm)
a(l) fr

wWT ()

0 20 40 60 80 100 120 140 160 180 200

C. adult spleen
4

b (2) o hp
d (1) [T m by
c(l) [mmmmm’
a(l)

WT (1) T T

0 20 40 60 80 100 120 140 160 180

FIG. 3. Analysis of YAC transgenic mice in which the 375-bp core enhancer
of HS2 is replaced by the 220-bp core element of HS3. RNA was analyzed at the
various stages of mouse hematopoiesis as described in the legend to Fig. 2.
Shown are the expression profiles of the human globin genes in the embryonic
yolk sac (9.5 d.p.c.) (A), fetal liver (14.5 d.p.c.) (B), and adult spleen (C).
Indicated on the left of each panel is the specific line analyzed in each column
(WT, transgene carrying wild-type YAC HS54331; a to d, HS54331 mutant lines).
Numbers in parentheses are the copy numbers of the YACs transgenes. Expres-
sion is based on levels of mouse a-globin (set at 100%) calculated per integrated
gene copy.

the LCR region analyzed in these experiments. The results
show that in single-copy wild-type transgenes the LCR ele-
ments HS2, HS3, and HS4 are formed efficiently (Fig. 4B). The
same is true for the two lines in which HS2 was replaced by
HS3 (HS54331a and HS54331b). This result demonstrates that
the HS3 core element can reform hypersensitivity within the
HS2 region and that the other HS sites are formed with similar
efficiency to those detected in the wild-type lines. We therefore
conclude that the inability of HS3 to functionally replace HS2
is not due to its ineffectiveness in reconstituting an HS site
within the HS2 region or to any negative effect it might exert
on the formation of the other LCR HS sites.
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We also analyzed two single-copy lines bearing B-globin
YACs with a deletion of HS2 (HS54301b and HS54301d [Fig.
4B]). The results show that in both of these lines, all of the
LCR HS are formed poorly compared with those detectable in
the wild-type or substitution mutant lines. The control exper-
iment shows that although the LCR HS form weakly, the HS in
the mouse ™" promoter in these two HS2 deletion mutant
lines form with similar efficiencies to those detected in the
wild-type or substitution mutant lines (Fig. 4B). This result
supports our previous conclusion that deletion of individual
core HS elements dramatically affects HS formation in single-
copy transgenes (29).

DISCUSSION

In this study, we have analyzed the consequence of deleting
HS2 or of replacing it by HS3 on the formation of DNase I HS
and on expression of the human B-globin genes in mutant
B-globin YAC transgenic mice. Analysis was restricted to 11
lines bearing at least one intact copy of the mutant YACs. The
results show that the HS2 core element is required for both
chromatin opening and optimal expression of all human B-glo-
bin genes at all developmental stages. HS2 replacement by
HS3 restores the chromatin-opening activity but not the tran-
scription-stimulatory activity of the LCR. These results sup-
port our previous conclusion that individual HS elements syn-
ergize to generate a fully potential LCR and that specific HS
elements must play distinct roles in the process of globin gene
switching (4).

HS2 is an integral component of the human f3-globin LCR.
We have deleted the 375-bp HS2 core enhancer fragment from
a human B-globin YAC by homologous recombination in
yeast. We found, after analyzing globin gene expression in
seven transgenic lines containing the mutated YAC, that de-
letion of the core enhancer of HS2 affects the expression of all
the human globin genes. As is also true for deletion of the core
enhancers of HS3 and HS4 (4), deletion of HS2 had a more
severe effect on expression of all the human B-globin genes in
single-copy YAC transgenic lines than in lines bearing multiple
copies (Fig. 2). According to Milot et al. (34), who found that
deletion of HS elements impairs the ability of the LCR to
provide position-independent expression, we interpret these
results to mean that when multiple copies of the mutated
YAC:s integrate into the genome, this leads to more effective
protection from any negative effect of surrounding chromatin
at the site of transgene integration.

Although deletion of HS2 leads to a decrease in expression
of all the human B-globin genes, this mutation most severely
affected transcription of the embryonic &-globin gene in the
yolk sac (reduced to less than 10% of wild-type levels) and that
of the adult B-globin gene (reduced to less than 30% of wild-
type levels).

Several other studies have previously examined the effect of
deleting HS2 from either the endogenous mouse locus or from
YAC or cosmid human B-globin transgenes. As shown in Fig.
5, which summarizes the data in these reports, the results
presented here are most consistent with those of Milot et al.
(34). In summary, the combined data indicate that deletion of
the HS2 core element affects the function of the LCR in two
different ways. First, deletion of the HS2 core no longer allows
the LCR to protect human B-globin gene expression from
position of integration effects. This conjecture is supported by
the observation that HS2 deletion drastically impairs LCR
hypersensitivity in single-copy transgenes (Fig. 4). This effect is
not HS2 specific, since it is also observed in other core HS
element deletion mutants (4, 29, 34). This indicates that the
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FIG. 4. DNase I HS mapping of the human B-globin LCR in HS2 mutant and wild-type human B-globin YAC transgenic mice. Nuclei were isolated from spleens
of anemic transgenic mice bearing wild-type or HS2 mutant human B-globin YACs. The nuclei were incubated with increasing concentrations of DNase I, and the DNA
was isolated and digested with EcoRI. After gel electrophoresis the DNA was hybridized to radioactively labeled probes corresponding to the 3'-flanking region of HS4
(as indicated in panel A) or to the 5’ promoter region of the mouse B™4°™-globin gene. (A) Diagrammatic representation of the fragments generated by DNase I and
EcoRI in the human B-globin LCR (indicated on the right are the sizes, in kilobase pairs of the various fragments). (B) HS formation in the wild-type (WT) or HS2
mutant human B-globin YAC transgenic mice. Two lines representing each mutant were analyzed for HS formation within the LCR, the substitution lines HS54331a
and HS54331b (lanes 1 to 5 and 11 to 15, respectively) and two deletion mutants HS54301b and HS54301d (lanes 6 to 10 and 16 to 20, respectively). Lanes 21 and 22
show hypersensitivity in the single-copy transgene carrying the wild-type human B-globin YAC (HS54321a) (4). As a control for the DNase I digest, the nylon
membranes were rehybridized to a probe detecting a characteristic HS site in the mouse ™4°"-globin gene promoter (shown at the bottom of the picture).

LCR requires (at least) HS2, HS3, and HS4 to be able to
counteract the influence of repressive activities located in the
vicinity of transgene integration (e.g., heterochromatin or
other strong repressive elements).

Second, deletion of the HS2 core element also impairs the
potential of the LCR to enhance the transcription of individual
globin genes. We conclude that this impaired transcriptional
activation function of the LCR is independent of the site of

transgene integration effect, for two reasons. First, the dra-
matic reduction in expression of human &- and B-globin genes
is consistent in all seven lines analyzed here as well as in the
four deletion mutant lines analyzed by Milot et al. (34). Sec-
ond, a very similar effect on the expression of these genes was
found in the four lines in which HS2 was replaced by HS3.
Other studies examining the effects of larger deletions
around HS2 observed milder phenotypes than the data re-
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FIG. 5. Comparison of results obtained from studies examining deletion of HS2 from the endogenous mouse or from the human B-globin gene loci. Expression
levels of individual globin genes were calculated as percentages of expression levels of particular genes expressed from the wild-type loci (set at 100%).

ported here and by Milot et al. (34). Fiering et al. (11) deleted
a 1.1-kbp fragment encompassing HS2 from the endogenous
mouse locus. Similarly, Peterson et al. (44) analyzed a human
B-globin YAC transgenic line in which HS2 was deleted as a
1.94-kbp fragment, removing both the core element and sub-
stantial flanking sequence from the LCR. Both of these dele-
tions resulted in only mild expression phenotypes.

Several explanations could account for the different HS2
deletion effects on expression of the globin genes. First, addi-
tional DNA sequences present in the endogenous mouse locus
or in the larger, 248-kbp YAC could compensate for the loss of
HS2 from a smaller, 155-kbp YAC (examined here) or from
the 72-kbp cosmid examined by Milot et al. (34). We have
detected such (apparent) compensation previously in the hu-
man B-globin locus, when we found that deletion of the Avy-
globin 3’ “enhancer” from the 150-kbp YAC had no conse-
quences on gene expression (31). A second possibility is that
sequences flanking the core elements harbor potentially re-
pressive activities (25, 26). Finally, it is possible that the spac-
ing between HS elements is important for the function of the
LCR. Peterson et al. (44) deleted 1.94 kbp of HS2, thereby
bringing HS1 significantly closer to HS3, which could poten-
tially partially restore LCR function. The same explanation
could account for the relatively mild phenotype observed after
deleting the 1.1-kbp HS2 fragment from the endogenous
mouse locus (11). Deleting only the core element, or replacing
mouse HS2 with a 2-kbp selection cassette (Fig. 5), leaves a
larger gap between HS3 and HSI1, which might then cause a
more severe phenotype.

Importantly, it should be noted that these results, obtained
from the analysis of HS2 deletion mutants, represent the third
example in which the removal of LCR core HS elements had a
far more severe effect on expression of the globin genes than
did larger deletions encompassing flanking sequences. Dele-
tion of the 220-bp HS3 core enhancer dramatically affects the
expression of the human globin genes (4, 38), whereas deletion
of a larger fragment (2.3 kbp) results in a far milder phenotype
(44). Similarly, deletion of the 290-bp core element of HS4 also
results in severely diminished levels of globin gene expression
(4) while deletion of a larger HS4-containing fragment (875

bp) (34) does not significantly alter globin gene expression.
Similar mechanisms to those discussed above could account for
these differences.

HS3 is unable to functionally substitute for HS2. We have
previously shown that HS3 is able to functionally replace HS4,
indicating that HS3 carries all of the activities attributable to
HS4 (4). The reverse, however, was not true: HS4 could not
replace HS3, demonstrating that HS3 harbors unique activities
not present in HS4. Here we analyzed four YAC transgenic
lines in which the core element of HS3 was substituted for the
core element of HS2 and showed that HS3 was not able to
functionally replace HS2. This result indicates that these two
LCR elements are not equivalent but harbor specific functions
that are both critical and unique for human B-globin gene
expression.

Two observations may be important. First, it appears that
globin gene expression in the substitution lines is more quan-
titatively consistent than in lines bearing deletions of the same
HS sites. This is especially obvious when one compares expres-
sion among single-copy lines (compare Fig. 2, HS54301 lines b,
d, and e, with Fig. 3, HS54331 lines a, ¢, and d). This obser-
vation suggests that the replacement of HS2 by HS3 restores
integration site position independence and may be due to the
contention that HS3 harbors intrinsic chromatin-opening ac-
tivity (9). In support of this possibility, our analysis of HS site
formation in single-copy substitution and deletion mutant lines
showed that all LCR HS sites are formed in single-copy sub-
stitution mutant lines but not in single-copy lines bearing a
deletion of HS2 (Fig. 4). This result, combined with our pre-
vious data (29), indicates that several combinations of B-locus
HS elements, other than the resident ones, can mediate the
chromatin opening activity of the LCR.

Expression of the embryonic €-globin gene and that of the
adult B-globin gene appear to be more severely affected in the
substitution than in the deletion mutant lines, whereas expres-
sion of the y-globin genes is less affected in the substitution
mutant lines. These results suggest that an LCR in which HS3
replaces HS2 has a preference for enhancing the expression of
the +y-globin genes and does not seem to be functional in
mediating efficient transcription of the €- or B-globin genes. In
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FIG. 6. HS core elements form a synergistic active subdomain within the LCR holocomplex. The figure depicts a cartoon of a model consistent with our data. (A)
The LCR in the wild-type configuration. The core elements, together with the flanking regions, generate the holocomplex (light blue), with the core elements folded
together to establish the specific configuration required for the active site (red). (B) Deletion of the HS2 core enhancer results in collapse of the LCR holocomplex
and active site and renders the LCR unable to confer high-level or transgene integration position-independent transcription to the globin genes. (C) Deletion of the
HS2 core element together with its flanking sequences allows the formation of an imperfect, alternative structure for the holocomplex, which retains transgene
integration site-independent transcription but is impaired in its activity provided by the subdomain (light red). (D) Replacement of the HS2 by the HS3 core element
allows the formation of an essentially wild-type holocomplex (thus retaining position-independent transcription of the integrated transgenes), but the active site is again
unable to stimulate all the different globin genes at each developmental stage because it (light red) is not perfectly re-formed at each stage.

this context, it should be noted that we observed a similar
phenotype in the analysis of YAC transgenic mice in which
HS3 replaced HS4. In these lines, both &- and B-globin gene
transcription was severely reduced whereas transcription of the
v-globin genes was less affected. These results, together with
the data from the four substitution lines presented here, sug-
gest that efficient transcription of the €- and B-globin genes,
but not expression of the +y-globin genes, requires activities
present in both HS2 and HS3. In support of this interpretation,
it was found that HS2 and HS3 synergize in activating the
embryonic e-globin gene in cell transfection studies (26). The
synergy between these two elements is also required for regu-
lation of the globin genes over long distances, which appears to
be particularly important for activating the adult B-globin gene
3).

Taken together, the data suggest that HS2 contributes to two
discrete activities attributable to the human B-globin LCR.
First, HS2 is required as part of the integral holocomplex, to
open the chromatin in the 3-globin gene locus (Fig. 4). Second,
HS?2 is separately required to stimulate high-level €- and B-glo-
bin gene transcription during erythroid-cell development. The
chromatin-opening activity of the LCR appears to be almost
fully restored when HS2 is replaced by HS3, indicating that
HS2 does not uniquely specify this property. Nonetheless, HS3
is unable to substitute for HS2 in stimulating high levels of
globin gene transcription, demonstrating that HS2 contributes
uniquely to the LCR transcription-stimulatory function.

The LCR is organized as a holocomplex, and the core en-
hancer elements generate a subdomain required for stimulat-
ing globin gene transcription. The results presented in this
study, taken together with the data from several earlier reports,

are consistent with a model in which individual HS elements
interact with one another to form a cooperative, higher-order
chromatin architecture, termed the LCR holocomplex. This
complex mediates chromatin opening over the whole B-globin
gene locus and enhances the transcription of individual globin
genes during erythroid-cell development. The concept that the
LCR might function as a single unit was first invoked by Gros-
veld and colleagues (19, 21) and the data presented in our
previous study (4) and here provide direct experimental sup-
port for this hypothesis. Milot et al. (34) also confirmed many
of these ideas by direct mutagenesis of the LCR. Given the
numerous studies on the transcriptional effects of specific mu-
tations within the LCR, there are now ample data to suggest
how the individual HS elements might act to form a unique
chromatin architectural unit. Furthermore, other data suggest
how formation of this unique structure could be mediated by
proteins binding to the core HS element regions as well as to
their flanking sequences (24, 33, 40, 42, 43).

To explain how different deletions of the individual HS el-
ements differentially affect the two aspects of LCR activity
(chromatin opening and enhancement), we propose that the
individual HS core elements aggregate into a precise substruc-
ture within the overall architecture of the holocomplex to cre-
ate a single, cooperative “active site.” Thus, the holocomplex
structure provides a necessary but not sufficient condition for
stimulating globin gene transcription. Viewed from the per-
spective of this more detailed hypothesis, a critical feature of
the holocomplex is that it provides the structural framework
for formation of this subdomain or single active site. Inter-
preted in light of this model, the present data indicate that the
holocomplex is required to provide position-independent chro-
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matin opening and that such a complex can be formed with
either the resident or (some) substituted core HS elements. A
subdomain within the holocomplex, adopting different confor-
mations at different erythroid-cell developmental stages, would
then be responsible for enhancing competitive stimulatory in-
teractions with the proteins bound at individual globin gene
promoters by DNA looping (6).

The model proposed here is consistent with many previous
observations and thereby provides coherence to seemingly dis-
parate experimental results. First, deletion of core elements
from the wild-type LCR structure (Fig. 6A), containing little if
any flanking sequence, has a much more severe consequence
(see above) (4, 34, 38) (Fig. 6B) on transcription-stimulatory
activity than does deletion of any of the core-plus-flanking
sequences (11, 44) (Fig. 6C). The reason for this may be that a
reasonable semblance of the LCR holocomplex architecture
can re-form if the entire HS plus flanking sequences are re-
moved (Fig. 6C). Finally, replacement of one HS core element
with another could lead to partial restoration of the active-site
subdomain, allowing transcription of some genes at near nor-
mal abundance from within the essentially wild-type holocom-
plex (see above) (4) (Fig. 6D). As is true of any useful model,
this hypothesis is subject to direct experimental tests, and we
are pursuing strategies to determine the veracity of the holo-
complex hypothesis.
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