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Deletion of the 234-bp core element of the DNase I hypersensitive site 3 (5'HS3) of the locus control region
(LCR) in the context of a human beta-globin locus yeast artificial chromosome (3-YAC) results in profound
effects on globin gene expression in transgenic mice. In contrast, deletion of a 2.3-kb 5'HS3 region, which
includes the 234-bp core sequence, has a much milder phenotype. Here we report the effects of these deletions
on chromatin structure in the beta-globin locus of adult erythroblasts. The 234-bp 5'HS3 deletion abolished
histone acetylation throughout the 3-globin locus; recruitment of RNA polymerase II (pol II) to the LCR and
beta-globin gene promoter was reduced to a basal level; and formation of all the 5’ DNase I hypersensitive sites
of the LCR was disrupted. The 2.3-kb 5'HS3 deletion mildly reduced the level of histone acetylation but did not
change the profile across the whole locus; the 5" DNase I hypersensitive sites of the LCR were formed, but to
a lesser extent; and recruitment of pol II was reduced, but only marginally. These data support the hypothesis
that the LCR forms a specific chromatin structure and acts as a single entity. Based on these results we
elaborate on a model of LCR chromatin architecture which accommodates the distinct phenotypes of the 5'HS3

and HS3 core deletions.

The human B-globin gene cluster lies in chromosome 11 and
spans ~100 kb. The locus contains a distal enhancer located at
the 5" end of the cluster, termed the locus control region
(LCR), and five functional genes that are arranged according
to their expression during ontogeny (51). Although transcrip-
tion of the globin genes can be detected by various sensitive
assays in the absence of the LCR, the LCR is indispensable for
determining the physiological level of expression of the globin
genes in vivo (1, 18). In addition to transcriptional enhancer
activity, the LCR is able to confer upon the globin genes
position-independent, copy number-dependent expression at
ectopic chromatin sites, suggesting that it possesses chromatin
opening activity (18). In transgenic mice the LCR enhances
globin gene expression by 100- to 1,000-fold (18). Deletion of
the mouse LCR by homologous recombination reduces expres-
sion of the B-globin genes to basal levels (1), confirming the
importance of LCR enhancer activity in situ. Deletion of the
LCR does not result in closure of the locus chromatin (1, 11,
46), as would have been anticipated based upon transgenic
studies (18). Thus, in addition to the LCR, another cis regu-
latory element(s) may be involved in opening the B-globin
locus chromatin domain.

The LCR contains multiple DNase I hypersensitive (HS)
sites (15, 18, 58). Classic enhancer activity of 5" HS site 2
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(5'HS2) can be detected by transient transfection assays (39,
59), whereas enhancer activity of 5'HSs 3 and 4 can only be
measured by stable transfection assays or with transgenic mice
(17, 44, 47, 53), suggesting that the enhancer function of 5'"HS3
and 4 is associated with chromatin modification. Using en-
hancer blocking and boundary assays, 5'HS5 shows chromatin
insulating activity in vivo (33, 34, 55, 61, 63). However, deletion
by homologous recombination of the LCR sequences including
5'HSS5 does not have a considerable effect on globin gene
expression in the mouse (3, 12), suggesting that its in situ
function remains unknown. 5'HS1 has no enhancer activity,
and no phenotype was observed in adult individuals who car-
ried a 5'"HS1 deletion mutation (27). Each 5'HS site contains
a core sequence spanning approximately 200 to 300 bp; these
core sequences are highly conserved during evolution (re-
viewed in references 19, 32, and 35). The distances between the
cores are also roughly conserved, separated by 3 to 4 kb (35).
The cores are characterized by multiple binding motifs for
erythroid and non-erythroid transcription factors and co-acti-
vators, including Apl/NF-E2, GATAI1, and Spl/EKLF (re-
viewed in reference 51).

While deletion of the entire LCR dramatically disrupts glo-
bin gene expression (1), the removal of individual 5'HS sites
and their flanking sequences (approximately 2 to 3 kb) by
homologous recombination results in an only 20 to 30% de-
crease of expression, suggesting that the effect of each 5"HS on
globin gene expression is additive, rather than synergistic (3, 4,
13, 21). This conclusion is also supported by studies of trans-
genic mice. Mutations that remove a 2- to 3-kb sequence of
5"HS2 or 5'HS3 individually in the context of a human B-glo-
bin locus yeast artificial chromosome (B-YAC) construct have
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only a moderate effect on expression of the human globin
genes in transgenic mice (36, 41, 42). In contrast, deletions that
remove 200 to 300 bp of the 5’"HS2 or 3 or 4 core sequences
individually produce catastrophic effects on globin gene ex-
pression (6, 7, 37, 38). For example, deletion of the 234-bp
5"HS3 core abolished &-globin gene expression during embry-
onic erythropoiesis but did not affect y-globin gene expression
in this developmental stage (38). However, this mutation elim-
inated +y-globin gene expression during fetal definitive eryth-
ropoiesis. Expression of the B-globin gene was also consider-
ably decreased, and it was sensitive to integration position (38).

These observations raise the question as to how the removal
of a large segment of a 5'HS produces a mild phenotype
whereas the removal of only a 5'"HS core produces dramatic
alteration of globin gene expression. The concept of the LCR
“holocomplex” was postulated to account for these seemingly
discrepant data (6, 7, 62). The holocomplex hypothesis sug-
gests that the LCR is a single structural entity, with the cores
forming an active site and the core flanking regions maintain-
ing the conformation. Removal of a large segment of a 5'HS
site does not significantly interfere with function; the remain-
ing 5'HSs can adopt an alternate, albeit slightly less functional
conformation and active site. Thus, the impact on gene expres-
sion would be moderate. However, when only a 5'"HS core is
missing, the original holocomplex structure is maintained, but
the active site is severely disturbed resulting in a dominant
negative mutation. The LCR cannot adopt a new conforma-
tion, because the intact core-flanking sequences maintain the
conformation of the wild holocomplex. Thus, the effect on
globin gene expression is catastrophic. These profoundly dif-
ferent phenotypes reveal intrinsic properties of the LCR struc-
ture and its function. To delineate this specific property of the
LCR, we analyzed histone acetylation, 5'"HS formation, and
recruitment of frans-acting factors in wild-type, 2.3-kb 5'HS3
deletion, and 5'HS3 core deletion B-YAC transgenic mice
adult erythroblasts. Our study showed that the 234-bp 5'HS3
deletion impairs formation of HSs, abolishes histone acetyla-
tion, and inhibits RNA polymerase (pol II) recruitment at the
globin locus. The 2.3-kb HS deletion also globally affects chro-
matin structure and recruitment of trans-acting factors but to a
much lesser extent. These phenotypes can be accounted for by
a modified LCR holocomplex hypothesis.

MATERIALS AND METHODS

Materials. The production of transgenic mice carrying the wild-type, 2.3-kb
HS3, or 234-bp HS3 deletion BYAC construct was described previously (38, 42).
Rabbit polyclonal antibodies against histone H3 acetylated at lysines 9 and 14
(catalog no. 06-599) and histone H4 acetylated at lysines 5, 8, 12, and 16 (06-866)
were purchased from Upstate Biotechnology (Lake Placid, NY); rabbit poly-
clonal antibodies against pol II (N-20, sc-899) and NF-E2 (C-19, sc-291) and goat
polyclonal antibody against GATA-1 (C-20, sc-1233) were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA). DNase I was purchased from Worthing-
ton Biochemical (Lakewood, NJ). LightCycler FastStart DNA Master SYBR
Green I PCR kit was from Roche Diagnostics (Indianapolis, IN), and Quanti-
Tect SYBR Green PCR kit was from QIAGEN (Valencia, CA). PCR was
performed using a LightCycler (Roche) or a DNA Engine Opticon 2 (MJ Re-
search, Waltham, MA).

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were performed
using phenylhydrazine-treated spleens from adult transgenic mice. Histone acet-
ylation and recruitment of polll, GATAI, and NF-E2 were measured by a
real-time PCR-based ChIP assay (9), with the following modifications. Single-cell
spleen suspensions were prepared from 10- to 12-week-old BYAC transgenic
mice 4 days after onset of phenylhydrazine-induced hemolytic anemia. The
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mouse autoimmune regulator (mAire) gene, which is minimally expressed in
adult mice splenic cells, and the murine B™-globin gene were selected as
internal control. In vivo regulation of these two endogenous mouse genes pre-
sumably is not affected by expression or integration of transgenes; thus, ratios of
histone acetylation or binding of frans-acting factors in these two genes was
assumed to be constant between different transgenic samples. Data sets in which
was the mAire/8™ ratio within 0.16 = 0.05 were considered to be good-quality
experiments and were included in result analyses. Immunoprecipitations (IP)
were performed at least three times on different days. Three dilutions of each
DNA were utilized, and the PCR readings of the three dilutions had to be within
the range of the standard DNA curve. The PCR data were used only when the
PCR efficiency of the standard DNA in the experiment was 1.9 = 0.1. All data
were expressed as the ratio of the PCR readings of a given primer set over the
internal control, and standard deviation was calculated.

DNase I hypersensitivity assay. Single-cell spleen suspensions were prepared
from phenylhydrazine-treated 10- to 12-week-old B-YAC transgenic mice. Iso-
lation of nuclei, DNase I digestion, and Southern blot hybridization were per-
formed as described previously (9). The restriction enzymes employed for
genomic DNA digestion and the probes used for Southern blot hybridization are
listed (see Fig. 2).

Primers. PCR primer sequences are available on request.

RESULTS

We have previously reported two types of BYAC transgenic
mice carrying a 5"HS3 mutation. One carries a 234-bp deletion
of the 5'"HS3 core (38); the other carries a 2.3-kb deletion of
the entire 5'HS3 region (42) encompassing the 5'HS3 core
sequence and flanking sequences highly conserved between
human, mouse, goat, and rabbit (reviewed in reference 19).
The phenotype of transgenic mice carrying the large 5'HS3
deletion BYAC was relatively mild; expression of the €-globin
gene was reduced to 70% of that seen with wild-type B-YAC
animals in the yolk sac, levels of y-globin gene expression were
close to that of the wild type in the yolk sac and fetal liver, and
B-globin gene expression in fetal and adult erythroid cells was
slightly decreased. The average level of B-globin gene expres-
sion from all transgenic lines was approximately 70% of the
wild-type control level in day 14 fetal liver and in adult blood
(42). In contrast, deletion of the 234-bp 5'"HS3 core sequence
resulted in catastrophic effects on globin gene expression. Ex-
pression of the e-globin gene was completed abolished in the
yolk sac, while there was no effect on y-globin gene expression.
In the fetal liver y-globin gene expression was abolished and
B-globin gene expression was significantly reduced. Position-
sensitive and reduced expression of the B-globin gene was
observed in adult erythroid cells. The average level of 8-globin
gene expression from all transgenic lines was approximately
30% of the wild-type control level in adult blood (ranging from
3% to 59%) (38). In this study, we used a 5'"HS3 core deletion
transgenic line in which the B gene was expressed at 3%, which
was the lowest level among the all established lines in the
original study.

Profiles of histone acetylation. It is thought that gene ex-
pression is regulated in part by histone acetylation. We deter-
mined the distributions of histone acetylation across the entire
B-globin locus chromatin domain in adult erythroblasts of wild-
type and mutant 5"HS3 BYAC transgenic mice. Histone acet-
ylation was measured by a real-time PCR-based ChIP assay
(9). We found that while a profile of histone acetylation could
be measured by ChIP assay, it was an arduous task to make the
ChIP data comparable between different samples: although a
high level of precision of PCR readings was achieved, the
exponential nature of PCR compromised the accuracy of the
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measurements. To control the quality of ChIP assays, we in-
troduced the following modifications. We used the ratio of
histone acetylation levels of the mouse mAire over B™-globin
gene promoters as an indicator of ChIP assay quality. The
acetylation levels of these two endogenous mouse genes pre-
sumably are not affected by transgenes. Thus, acceptable data
sets from different experiments were required to have a con-
sistent mAire/B™ ratio. Data from each set of primers were
included only when the PCR amplification efficiency of the
standard DNA was within the range of 1.9 * 0.1. At least three
independent immunoprecipitations were performed, and these
were done on different days. Each immunoprecipitated DNA
was quantitated by real-time PCR at three different dilutions.
By conducting all these quality controls, we were able to make
semi-quantitative comparisons between the wild-type and mu-
tant 5'HS3 B-globin loci.

Figure 1 shows the profiles of histone H3 (panel A) and
histone H4 (panel B) acetylation over an approximately 100-kb
region of the B-globin locus in wild-type, A5'"HS3, and A5'HS3
core transgenic mice. In each panel the top box depicts the
distribution of histone acetylation in the wild-type BYAC, the
middle box shows the A5'HS3 BYAC data, and the bottom box
displays the AS'"HS3 core BYAC results. The general acetyla-
tion profiles for histones H3 and H4 are very similar for the
same construct (compare panels A and B). For example, the
wild-type BYAC mice were characterized by two heavily acety-
lated regions encompassing the LCR and the 8/B-globin gene
regions. The distribution of histone acetylation in the LCR was
characterized by the peaks of histone acetylation that co-local-
ized with the core sequences of 5'HS1, -2, -3, and -4. Histone
acetylation was reduced to a lower level in the regions between
the 5'HS cores. These results suggest that the trans-acting
factors bound at the 5'HS cores are likely responsible for the
recruitment of histone acetyltransferases. The 8- and B-globin
gene promoters, which are expressed during the adult stage of
development, were highly acetylated, while the region between
the two genes was lightly acetylated. The approximately 40 kb
of chromatin between 5'HS1 and the 8-globin gene, encom-
passing the silenced €- and y-globin genes, was not acetylated
or was lightly acetylated. Unlike the 5'HS sites in of the LCR,
5'HS7 and 3'HS1 were not acetylated, suggesting that the two
sites have properties distinct from the LCR 5'HS sites.

The middle boxes in the two panels of Fig. 1 show histone
H3 and H4 acetylation profiles for the A5'"HS3 BYAC trans-
genic mice. Similar profiles were observed for histone H3 and
H4 acetylation in the mutant locus. Compared to the wild-type
control, the 2.3-kb 5'"HS3 deletion did not considerably alter
the profile, except for a mild decrease of acetylation level in the
LCR and the 8- and B-globin gene regions. These changes
correlate with the mild decrease of B gene expression in the
A5"HS3 BYAC mice. In the wild-type BYAC mice the highest
level of histone acetylation in the LCR was co-localized with
the 5'"HS3 core. This peak disappeared in the A5'HS3 BYAC
mice due to the absence of the sequence.

The bottom boxes in Fig. 1A and B show histone acetylation
profiles for the A5'HS3 core BYAC mice. The 234-bp 5'HS3
core deletion resulted in catastrophic effects on histone acet-
ylation in the B-globin locus; the acetylation level of the entire
region was reduced to the basal level. The impact of this
deletion was not limited to the region surrounding 5'"HS3, but
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FIG. 1. Profiles of histone H3 and H4 acetylation in the human
B-globin locus. (A) The distribution of K9- and -14-acetylated histone
H3 in adult erythroblasts of transgenic mice carrying wild-type (upper
box), 2.3-kb HS3 deletion (middle box), or 234-bp HS3 core deletion
(lower box) BYAC construct. The top line diagram shows the human
B-globin locus with positions of the genes and HSs indicated (the
drawing is to scale). The numbers labeled on the x axis are sequence
coordinates, with zero set at the canonical cap site of the € gene. The
asterisks on the x axis indicate the deleted sequences in the mutant
constructs. The y axis shows severalfold increases of acetylated histone
H3 at the indicated positions compared with the mouse aire gene
promoter results. Standard variation is shown as small vertical bars at
each measurement point. (B) The distribution of K5-, -8-, -12-, and
-16-acetylated histone H4 in the B-globin locus. See the legend of
panel A for details.

the deletion abolished histone acetylation at the every 5'HS
core in the LCR. This effect extended through the &- and
B-globin gene region that is located 40 to 50 kb downstream to
the mutation.
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FIG. 2. Effects of the HS3 mutants on formation of DNase I hypersensitive sties. The BYAC constructs are labeled on the upper part on each
panel. (A) Detection of HSs 1 and 2. DNA was digested with restriction enzyme Ndel; the blot was hybridized with a 3’ probe. The parental band
is 8.7 kb; subbands are 2.1 kb (HS1) and 6.9 kb (HS2). (B) Detection of HSs 4 and 5. DNA was digested with restriction enzyme Scal; the blot
was hybridized with a 5" probe. The parental band is 11.5 kb; subbands are 4 kb (HS5) and 6.4 kb (HS4). (C) Detection of HSs 6 and 7. DNA was
digested with restriction enzyme Scal; the blot was hybridized with a 3’ probe. The parental band is 12 kb; subbands are 2.4 and 2.5 kb (HS6) and
9 kb (HS7). (D) Detection of 3'HS1. DNA was digested with restriction enzyme Scal; the blot was hybridized with a 3’ probe. The parental band

is 9 kb; the subband is 2.5 kb.

As revealed when these data are taken together, removal of
the 2.3-kb 5'"HS3 mildly reduced the level of histone acetyla-
tion across the locus but did not change the general acetylation
profile of the B-globin locus. In contrast, the 234-bp 5'HS3
core deletion abolished histone acetylation across the entire
locus.

Formation of LCR DNase I hypersensitive sites. The LCR is
characterized by the presence of multiple DNase I hypersen-
sitive sites (15, 18, 58). To study the impact of the 5'HS3
deletion mutations on chromatin structure, we estimated HS
formation in the LCR region. Determination of 5'HS1 and -2
results by Southern blot hybridization is shown in Fig. 2A, and
that of 5’"HS4 and -5 is shown in Fig. 2B. The results demon-
strated that the 5'HS sites in the LCR were formed in wild-
type BYAC mice (the middle sections of Fig. 2A and B). In the
2.3-kb A5S"HS3 BYAC mice these four HS sites were detectable
(the left sections of Fig. 2A and B), but the intensity of the
bands was fainter than those seen with the wild-type BYAC
transgenic mice, suggesting that the absence of the 2.3-kb
5'"HS3 sequence impaired formation of other HS sites in the
LCR. Deletion of the 234-bp 5'HS3 core severely impaired
(5'HS2 and 5'HS4) or abolished (5'HS1 and 5'HSS5) formation
of the HS sites (right sections of Fig. 2A and B). Although
Southern blot hybridization is not a quantitative assay, the
distinct differences in intensity of the bands between the three
constructs suggests that the negative effect of the 234-bp 5'"HS3
core deletion on other HS formation is much more severe than
that of the 2.3-kb 5"HS3 deletion.

The effect of the 5’"HS3 deletions on HS formation was not
confined to the LCR. Formation of 5’"HS6, which is located
—28 kb 5’ to the e-globin gene, was partially inhibited in the

2.3-kb 5'HS3 deletion BYAC mice; and this site was not
formed in the 234-bp 5'HS3 core deletion BYAC mice (Fig. 2
C). However, formation of 5'"HS7 was only slightly affected by
either the larger or the core HS3 deletion, suggesting that
spread of the effect of the 5’"HS3 deletions on HS formation is
constrained somewhere between 5'"HS6 and 5'"HS7. 3'HS1 was
not formed in wild-type BYAC mice (Fig. 2D, right panel). As
a positive control, formation of the 3'HS1 in K562 cells is
shown in Fig. 2D, left panel. The 3'"HS1 sequence was intact in
the BYAC construct (data not shown). The lack of 3'HS1 in
the wild-type BYAC mice impeded assessment of the extent of
the effects of the 5'"HS3 mutants in the 3’ portion of the locus.
The absence of 3'HS1 formation was also reported in mini-@-
locus transgenic mice (18).

Recruitment of pol II. We first compared pol II recruitment
between the endogenous mouse and transgenic wild-type hu-
man B-globin loci. Recruitment to the human B-globin pro-
moter was approximately 50% of the mouse B™-globin pro-
moter results, and recruitment to the mouse 5'HS2 core was
approximately 15% of that of the ™*-globin promoter results.
A similar ratio was detected at the human locus; the binding of
pol II at the human 5'HS2 core was also 15% of the human
B-globin promoter results.

Figure 3A to C shows the distribution of pol II recruitment
to the LCR in transgenic mice carrying the different BYAC
constructs. In the wild-type BYAC mice, binding of pol II
peaked in the HS1, -2, -3, and -4 cores, and lower levels of pol
II binding were detected in the regions between them (Fig.
3A). This profile is similar to the distribution of histone acet-
ylation in the LCR and suggests that the core sequences are
likely responsible for the recruitment of pol II in addition to
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numbers labeled on the x axis are sequence coordinates, with zero set
at the canonical cap site of the € gene. The asterisks on the x axis
indicate the deleted sequences in the mutant constructs. The y axis
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point. (B) pol II recruitment in the LCR region in the 2.3-kb HS3
deletion BYAC mice. (C) pol II recruitment in the LCR region in the
234-bp HS3 core deletion BYAC mice. (D) pol II recruitment in the
human B gene region. The measured positions of pol II recruitment
are shown on the x axis. The y axis shows increases of pol II compared
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histone acetyltransferases. The 2.3-kb 5'HS3 deletion pro-
duced a mild reduction of pol II recruitment, but the distribu-
tion profile was the same as that seen with the wild-type BYAC
mice (Fig. 3B). The 234-bp 5'HS3 core deletion eliminated pol
II recruitment; only a background level of pol II binding was
detected in the LCR (Fig. 3C).

Figure 3D shows the recruitment of pol II in the B-globin
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gene. We measured five regions of the B-globin gene: the
promoter, exon 2, intron 2, exon 3, and the 3" enhancer. pol 11
was highly recruited in all regions, including intron 2 in the
wild-type BYAC transgenic mice. The relatively even distribu-
tion of pol II recruitment across the B-globin gene contrast to
that at the LCR, but it was expected given that pol II molecules
processively track the entire gene during transcription. The
2.3-kb 5"HS3 deletion considerably reduced pol II recruitment
at the B-globin gene, but distribution of pol II binding was
evenly maintained across the gene (Fig. 3D). Notably, the
reduction of pol II binding at the B-globin gene promoter was
not proportional to the decrease of the B-globin gene expres-
sion: a fourfold decrease in the pol II binding was measured,
whereas B-globin gene expression was only decreased by 25%
to 30%. The 234-bp 5'HS3 core deletion abolished pol II
binding throughout the B-globin gene region similarly to its
effect on histone acetylation (Fig. 3D). The positive correlation
between the level of expression and pol II loading on the LCR
compared to the promoter results implies that the LCR-bound
pol II might be the enzyme actually used in transcription (22—
24, 28, 60). This notion is in agreement with the observations
that the pol II recruited into the LCR is in the C-terminal
domain-phosphorylated form, which is associated with tran-
scription elongation (22, 48, 60).

Recruitment of pol II was undetectable for all BYAC con-
structs in the region 2.5 kb 5’ to the &-globin gene promoter,
where a putative intergenic transcription promoter has been
proposed to be located (Fig. 3D).

Recruitment of GATAL. The profile of GATA1 recruitment
to the LCR was similar to that of pol II (Fig. 4). GATAI
binding peaked at the LCR 5'HS cores, with a very low level of
binding at the sequences between the cores. In wild-type
BYAC mice GATAI binding at the cores of 5'HSs 4 and 3 was
90% and 130% of that of the mouse 5'HS3 core, respectively,
and it was 30 to 40% at the HSs 1 and 2 cores, respectively,
compared to the mouse 5'HS3 (Fig. 4A). The 2.3-kb 5'HS3
deletion resulted in a general decrease of GATAL recruitment
throughout the LCR. For instance, binding of GATALI at the
5'HS4 core was reduced from 90% to 60% in these mice (Fig.
4B). The 234-bp 5'HS3 core deletion abolished GATA1 re-
cruitment to the LCR (Fig. 4C). A small amount of GATALI
was detected at the human B-globin gene promoter in wild-
type BYAC mice, but the level was 30% of that at the mouse
5'HS3 (data not shown).

Recruitment of NF-E2. The profile of NF-E2 recruitment
was different from those of pol II and GATAI. In wild-type
BYAC transgenic mice, recruitment of NF-E2 at the human
5"HS2 core reached a level as high as that of the mouse 5'HS2
(Fig. 5B). In comparison with 5'"HS2, the level of recruitment
was only 5% at 5'HS3 and -4 (Fig. 5A), although both sites
contain a NF-E2 binding motif. The 2.3-kb 5'HS3 deletion
resulted in a 30% decrease of NF-E2 recruitment to 5'HS2,
and the 234-bp HS3 core deletion reduced it to 15% of that of
the wild-type control.

NF-E2 recruitment at the human B-globin gene promoter
was less than 1% of that at 5'HS2 in the wild-type B YAC mice
(Fig. 5B). A further reduction was not observed in either the
2.3-kb 5'HS3 or 234-bp 5'HS3 core deletion mice. In contrast
to the human locus, NF-E2 was highly recruited to the mouse
B™M#_globin promoter; the level was 24% of that at the 5'HS2
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FIG. 4. GATA-1 recruitment in the LCR. (A) GATA-1 recruit-
ment in the wild-type (WT) BYAC mice. (B) GATA-1 recruitment in
the 2.3-kb HS3 deletion BYAC mice. (C) GATA-1 recruitment in the
234-bp HS3 core deletion BYAC mice. The positions of HSs of the
LCR are shown in the upper line diagram. The numbers labeled on the
x axis are sequence coordinates, with zero set at the canonical cap site
of the € gene. The asterisks on the x axis indicate the deleted sequences
in the mutant constructs. The y axis shows increases of GATA-1 com-
pared with that seen with the mouse HS3 core. Standard variation is
shown as small vertical bars at each measurement point.

core (Fig. 5B). This difference could be attributed to the pro-
moter sequences; there is an imperfect NF-E2 motif in the
downstream B™¥ promoter (one mismatch to the consensus
sequence), and NF-E2 binding on this motif can be detected

MoL. CELL. BIOL.

when the gene is activated in MEL cells (25, 29). On the other
hand, the corresponding site in the human 3 gene promoter is
defective (four mismatches to the consensus sequence).

DISCUSSION

The holocomplex. Results in this study support the hypoth-
esis that the LCR forms a holocomplex and that it acts as a
single entity (6, 7, 62). Deletion of either 2.3-kb 5'HS3 or
234-bp 5'HS3 core negatively affects all cis-acting elements
that comprise the LCR. Although the severity of the effects is
different for the two mutants, each mutation exerts its impact
on histone acetylation, HS formation, and recruitment of pol
II, GATAL, or NF-E2 at all measured sites. At first glance, the
global effect revealed in this study contradicts the finding show-
ing that a single 5'HS knockout (2 to 3 kb) does not impair
formation of the remaining HS (2). In fact, both studies show
that the formation of the remaining HSs in the context of a
large deletion is detectable. In addition to this, our study dem-
onstrated that full formation of HSs was decreased by the
deletions, particularly with the 5'HS3 core deletion, which
severely impaired or abolished the formation of most HSs.
This global effect implies that the LCR is organized into a
unified global architecture.

The impact of the two deletion mutations extends through to
the 8- and B-globin genes that are 50 kb downstream of the
deleted 5'HS3 site. Histone acetylation in the 8- and B-globin
gene region is reduced or eliminated by the mutants. This
result is consistent with the study showing that deletion of
5"HS2 to -5 in a human B locus contained in a MEL hybrid cell
bearing human chromosome 11 disrupted histone acetylation
in the 8- and B-globin gene region (49). Together, these studies
suggest that the interconnected structure in the -globin locus
is not limited to the LCR but also includes the globin genes.
However, in LCR knockout mice histone acetylation at the
mouse B™¥-globin promoter is at a level similar to that ob-
served in wild-type mice (50). Thus, the absence of the LCR
has different effects on the human and mouse loci.

The LCR-coordinated domain. The impact of 5'HS3 muta-
tions is broad; their effects are not limited to the LCR and the
downstream globin genes. The 234-bp 5'HS3 core mutation
severely impaired or abolishes HS formation not only in the
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FIG. 5. NF-E2 recruitment in the LCR and the  gene promoter. (A) NF-E2 recruitment in the LCR region. The measured positions of NF-E2
recruitment are indicated on the x axis. The asterisks on the x axis indicate the deleted sequences in the mutant constructs. The y axis shows
increases of NF-E2 compared with that in the mouse HS2 core. Standard variation is shown as small vertical bars at each measurement point. wt,
wild type; B pro, B gene promoter. (B) Comparison of NF-E2 recruitment on the human and mouse HS2 cores and between the promoters of the

human B gene and of the mouse B™¥ gene. B prom, B gene promoter.
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FIG. 6. A cartoon of putative chromatin architecture of the LCR holocomplex. (A) Wild type. Chromatin encompassing the HS cores (~200
to ~300 bp) of HSs 1 to 5 loops together, forming the LCR core (dark-blue circle), whereas the sequences between the cores (~3 to ~4 kb) are
looped out. Since the cores contain multiple binding motifs of trans factors, this structure results in a high concentration of trans factors in a small
region (dark-blue circle), which constitutes the biochemical condition to facilitate a highly efficient transcription. (B) The 2.3-kb HS3-deleted
deletion. The deletion will not considerably change length and stiffness of the chromatin between HS2 and HS4. Thus, the LCR core is retained
in a similar dimension. The medium-blue circle represents the reduced concentration of frans factors due to the lack of contribution from the HS3
core. (C) The 234-bp HS3 core deletion. When the 0.2-kb HS3 core is deleted, the distance between HS 2 and HS4 is increased to ~7 kb. The
longer chromatin, which is stiffer than the HS cores, hinders a closer folding of the remaining HS cores, resulting in an increase of dimension of
the LCR core. This leads to a decrease by a cubic factor in the concentration of trans factors (light-blue circle).

LCR but also at 5'"HS6 (but not 5'"HS7), approximately 28 kb
5’ to the e-globin gene. 5'"HSS5, which is located between 5'HS6
and 5'HS3, is a chromatin insulator (33, 34, 55, 61, 63). How-
ever, 5'HSS is unable to limit the impact of the 5'"HS3 muta-
tions on chromatin structure to the LCR. The effect obviously
extends beyond the B-globin gene, since histone acetylation
and factor recruitment alterations can be detected 3’ to the
B-globin gene. However, 3'HS1 was absent in wild-type BYAC
mice, So we were not able to assess the extent of 5'HS3 dele-
tion-mediated changes. Nevertheless, these results suggest that
LCR influence extends at least to 5'HS6 at the 5" end of the
construct and somewhere downstream to the B-globin gene.

Based on our analyses we propose that the human B-globin
gene cluster is regulated at three hierarchic levels. The first
level is the LCR holocomplex containing 5'HSs 1 to 5. The
holocomplex is characterized by heavily acetylated histones
with lightly acetylated regions at either end (references 5 and
16 and this study); in addition, it recruits pol II and other
trans-acting factors (references 22, 23, 48, and 60 and this
study), which form a highly concentrated pool (see below).
Formation of the HS sites in this domain is independent of
globin gene transcription (14, 15, 58). The second level is the
60-kb domain from 5'HSS through the p-globin gene, which
primarily causes the interaction between the LCR and the
globin genes. The 60-kb region is necessary and sufficient for
proper regulation of the globin genes during development in
transgenic mice (26, 43, 45, 52). Sequences outside of the 60-kb
domain are involved in the third level of regulation. These may
be required for formation of the active chromatin hub (56)
which also involves the LCR (41).

Putative structure of the LCR holocomplex. Our data sup-
port the model of the LCR as a structurally integrated holo-
complex (6, 7, 62). Based on the data reported here, we can
describe the holocomplex structure with greater molecular
specificity. First, only the HS core sequences contain highly
acetylated histones and the intervening sequences between are
lightly acetylated (16, 60), suggesting that acetylation of his-
tones does not spread very far beyond each of the HS cores.

Second, the impact of deleting either the whole 5'"HS3 site or
only the 5"HS3 core is global and proportional, suggesting that
the LCR has a single unified structure. It has been suggested
that chromatin with heavily acetylated histones is highly flexi-
ble (20, 31, 57; Q. Li et al., unpublished data). Here, we
propose that the HS cores, due to their higher acetylation and
associated flexibility in erythroid cells, are able to fold in close
contact with one another, with the stiffer intervening sequences
looped out between them (Fig. 6A). Because each HS core
contains multiple protein binding sites, this structure allows
efficient recruitment of frans-acting factors into a geometrically
small space termed the LCR core. This high concentration of
transcription factors bound to the LCR core catalyzes tran-
scription activation. Since pol II is recruited at the HS cores,
but not in between, this distribution suggests that if the LCR
sequences are transcribed, the transcription cannot be proces-
sive and produce a long transcript. The LCR core with highly
concentrated pol II in it (22, 24, 30) may be equivalent to the
transcription factories that have been visualized in nuclei (8,
40). If transcription of the globin genes occurs within the LCR
core, then only y-globin gene or B-globin gene could be tran-
scribed at a given time (62).

When a 2- to 3-kb segment of a 5'HS site is deleted, the
length of the intervening sequence between the adjacent re-
maining HSs is roughly maintained, as is chromatin flexibility
of the HS cores (Fig. 6B). Thus, the remaining HS cores are
constrained together as described above. If each core sequence
(5'HSs 1 to 5) contributes equally to the recruitment, then the
concentration of frans-acting factors in the LCR core will be
reduced to approximately four-fifths by deletion one of the HS
cores. This will produce a mild decrease in B-globin gene
expression, provided that the pol II recruited in the LCR core
is responsible for transcription efficiency. This prediction of the
additive function of the HSs of the LCR is consistent with the
results for mice with 2- to 3-kb single HS knockouts (3, 4, 13,
21) and for transgenic mice carrying the 2- to 3-kb single 5'HS
deletions (36, 38, 41, 42).

When the 200- to 300-bp core sequence of individual HS
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sites is deleted, the physical length of the intervening sequence
between the two adjacent HS sites is doubled, and the longer
and stiffer intervening sequences restrict chromatin bending
between the adjacent cores. Thus, the HS core deletions will
result in an increase in the spatial diameter of the LCR core
(Fig. 6C). Since sphere volume is proportional to the cube of
radius, doubling the diameter of the LCR core would increase
the volume by eightfold (2*); protein concentration would then
be decreased by the same factor. As assumed above, deletion
of a single HS core would reduce protein concentration to
four/fifths of the original level. Therefore, if the diameter in-
creases 2-fold, the concentration of trans factors in the LCR
core will decrease 10-fold (4/5 X 1/2%); if the diameter in-
creases 3-fold, the concentration will decrease ~34-fold (4/5 X
1/3%). Obviously, this magnitude of trans-acting factor concen-
tration decrease will have a catastrophic effect on globin gene
expression (6, 7, 37, 38, 41). As mentioned previously, the
5"HS3 core deletion resulted in an increase in position suscep-
tibility of B gene expression in adult, whereas no position
effects on vy gene expression were observed in the early devel-
opmental stage. In this study, we analyzed a line in which
gene expression was the lowest of the all established transgenic
lines (38). Although we did not perform similar analysis of
other lines, it is possible that the holocomplex formed in the
5"HS3 core-less LCR might be substantially susceptible to the
chromatin structure surrounding integration sites.

Both synergistic and additive stimulation of globin gene
transcription by the LCR has been demonstrated in many
carefully designed studies (3, 4, 6, 7, 13, 21, 36-38, 41, 42).
These two apparently contradictory properties (reviewed in
reference 10) can be reconciled by the LCR core architecture
described above. However, this putative holocomplex structure
is oversimplified and will need to be refined. For instance, the
functions of each HS site are not equal and interchangeable (6,
7, 54). In addition, the holocomplex structure in embryonic
erythroid cells may not be identical to that of the adult (41).
Nevertheless, the concept that the HS chromatin forms a LCR
catalytic center (22, 24, 30) in adult erythroid cells provides a
starting point for experimentally testing the holocomplex struc-
ture.
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