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A binding site for the transcription factor CTCF is responsible for enhancer-blocking activity in a variety of
vertebrate insulators, including the insulators at the 5� and 3� chromatin boundaries of the chicken �-globin
locus. To date, no functional domain boundaries have been defined at mammalian �-globin loci, which are
embedded within arrays of functional olfactory receptor genes. In an attempt to define boundary elements that
could separate these gene clusters, CTCF-binding sites were searched for at the most distal DNase I-hyper-
sensitive sites (HSs) of the mouse and human �-globin loci. Conserved CTCF sites were found at 5�HS5 and
3�HS1 of both loci. All of these sites could bind to CTCF in vitro. The sites also functioned as insulators in
enhancer-blocking assays at levels correlating with CTCF-binding affinity, although enhancer-blocking activity
was weak with the mouse 5�HS5 site. These results show that with respect to enhancer-blocking elements, the
architecture of the mouse and human �-globin loci is similar to that found previously for the chicken �-globin
locus. Unlike the chicken locus, the mouse and human �-globin loci do not have nearby transitions in
chromatin structure but the data suggest that 3�HS1 and 5�HS5 may function as insulators that prevent
inappropriate interactions between �-globin regulatory elements and those of neighboring domains or sub-
domains, many of which possess strong enhancers.

There is much conservation of structure and function at the
multigene �-globin locus in vertebrates (21, 39). In erythroid
cells, the region upstream of the genes is marked by a series of
DNase I-hypersensitive sites (HSs) that comprise the locus
control region (LCR). The LCR can confer high-level, copy
number-dependent, position-independent �-globin gene ex-
pression in erythroid cells of transgenic mice, and thus, it has
a dominant chromatin-opening activity in transgenic lines. At
its natural location in the mouse and human loci, the LCR
clearly plays a role in conferring high-level expression on the
�-globin genes, but some questions remain about its role in
chromatin opening (12, 23).

In the case of the chicken �-globin domain, both the 5� and
3� chromatin boundaries are marked by constitutive HSs (35,
36). Beyond these HSs, a strong transition from generally
DNase I-sensitive and hyperacetylated chromatin to generally
DNase I-insensitive and underacetylated chromatin is seen in
erythroid cells (22, 28, 36). Each HS can act as an enhancer-
blocking element in transfected erythroid cells but only when
positioned between the enhancer and promoter (9, 36). The 5�
insulator, 5�HS4, can also protect transgenes against chromatin
position effects in cell culture, fruit flies, mice, and rabbits (3).
The enhancer-blocking function of 5�HS4 has been studied in
detail (2, 10), and the minimal element responsible for this
activity is a binding site for the 11-zinc finger transcription
factor CTCF (2). A CTCF-binding site is also responsible for
the enhancer-blocking activity of the chicken 3�HS and other
vertebrate insulators (3, 30, 36). CTCF has also been impli-
cated in positive and negative regulation of transcription, and

it is a highly conserved and ubiquitous protein in vertebrates
(8, 15, 30).

The neighboring genes of the human, mouse, and chicken
�-globin loci have also been identified (Fig. 1A). The upstream
neighbor of the chicken locus is a pre-erythroid-specific folate
receptor gene that is separated from the �-globin domain by a
16-kb region of condensed chromatin (32). At least two olfac-
tory receptor (OR) genes are present at the 3� side of the
chicken domain and are presumably expressed in olfactory
tissue (6, 36, 38). Thus, the 5� and 3� boundary elements may
function to prevent interactions between the �-globin locus
and its neighboring genes. In the case of the human and mouse
�-globin loci, a somewhat different scenario exists. The func-
tional boundaries and the limits of the LCRs of these mam-
malian loci have not yet been defined, and general sequence
homology between these loci exists further upstream of the
major 5� HSs of the LCR (6, 7). Both loci are also embedded
within an array of functional OR genes (Fig. 1A), and several
of these genes are included in the same “open” chromatin
domain with the �-globin genes in erythroid cells (7). The
relationship, if any, between the mammalian �-globin locus
and its surrounding OR gene clusters is not known, and it is not
understood how independent regulation of these genes is
achieved in different tissues. No abrupt changes in chromatin
structure have been defined immediately upstream of 5�HS5 or
downstream of 3�HS1 in the mammalian loci (7, 37). Addi-
tional erythroid 5� HSs have been found upstream of both loci,
with the most 5� sites being HS�62.5, located near the
MOR5��4 gene promoter in the mouse locus (7, 14), and a
homologous site that is near the orthologous human HOR5��7
gene (7).

In an attempt to define insulator elements that could func-
tion to avoid cross talk between these gene clusters in mam-
mals, we searched for CTCF-binding sites at the most distal
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HSs of the human and mouse loci. The CTCF recognition
sequence from the chicken 5� insulator was used in this search.
We found that conserved CTCF-binding sequences are present
at 5�HS5 of both mammalian loci, while conserved sequences
in the opposite orientation are also present at 3�HS1 of both

loci. In vitro binding studies are presented showing the various
abilities of these conserved sites to bind the CTCF factor,
which are generally correlated with their various abilities to
function in enhancer-blocking assays. We suggest that these
conserved sites function as insulators at the mouse and human

FIG. 1. Conserved CTCF sites flanking �-globin loci. (A) Extended structures of the human, mouse, and chicken �-globin loci. The human,
mouse, and chicken �-globin loci are drawn approximately to scale. �-Globin genes are indicated by red boxes, and OR genes are indicated by
green boxes. A pre-erythroid-specific folate receptor gene that exists upstream of the chicken �-globin locus is indicated by a pink box. The purple
boxes in the human locus indicate ERV-9 retroviral elements (29). HSs are indicated by arrows. The rust-colored arrows indicate HSs where
CTCF-binding sites were found. (B) Alignments of conserved CTCF sites at 5�HS5 and 3�HS1. Sixteen bases of the chicken 5�HS4 FII CTCF site
(shown in red) are aligned with conserved human and mouse 5�HS5 sequences or in the opposite orientation with conserved human and mouse
3�HS1 sequences. Vertical lines indicate matches with both the human and mouse sequences, while dots indicate a match with only one of these
species.
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�-globin loci, and models are presented indicating possible
interactions that these insulators may prevent between regula-
tory elements in the �-globin cluster and those in neighboring
domains.

MATERIALS AND METHODS

Sequences and CTCF site alignments. The sequences of the distal HSs flank-
ing the human and mouse �-globin loci have been reported previously (6, 7, 16).
The GenBank accession numbers for these sequences are as follows: human 5�
HSs, AF137396; human 3�HS1, X54282; mouse upstream HSs, AF071080;
mouse 3�HS1, AF133300. The sequence 5�-CCGCTAGGGGGCAGCA-3� or its
reverse counterpart from footprint II (FII) of the chicken 5�HS4 insulator (10;
GenBank accession number U78775) was used to search for conserved CTCF
sites in the mouse and human sequences with the alignment program MultAlin
(http://www.toulouse.inra.fr/multalin.html). Only potential sites that were con-
served and had at least 11 bp of identity to the above FII sequence were chosen
for study.

In vitro binding assays. Nuclear extracts from human K562 cells and partially
purified chicken CTCF (pooled fraction following SP Sepharose chromatogra-
phy) were prepared as described previously (2). Complementary single-stranded
oligonucleotides were purified by denaturing polyacrylamide gel electrophoresis,
annealed, and 32P end labeled. Proteins were incubated with 20 to 40 fmol of
labeled DNA probe in the presence of 50 ng of poly(dG-dC) competitor DNA
per �l in 20 mM HEPES (pH 7.9)–150 mM KCl–5 mM MgCl2–5% glycerol–1
mM dithiothreitol–0.5% Triton X-100 for 45 min at room temperature. Super-
shifts were carried out with anti-CTCF antibody as described previously (2).
Complexes were resolved on 5% (29:1 acrylamide-bisacrylamide ratio) gels in 1�
Tris-borate-EDTA at 150 V for 2 h. Relative binding strengths (see Table 1)
were determined from the intensities of shifted bands in direct labeling gel shift
assays, where 40 fmol of each labeled oligonucleotide was incubated with 200 ng
of partially purified CTCF under the conditions described above.

Oligonucleotides. Complementary oligonucleotides were generated on an ABI
394 DNA synthesizer. The top strands of sequences used for gel retardation
analyses were mouse 5�HS5-72 (TGACAAAACTAGAGAAAAAGAATGAGG
CGTTTTCACCACTAGAGGGAAGGCAATTATTATGGAGCCTACAGA),
mouse 3�HS1-72 (GGAGAGGAGGGCGGAAATCAGTGGAACACTTCTGC
CCCCTACTGGTATGCAACAGGATCATTAGAGAAATGA), human 5�HS5-
72 (CATCTTGGACCATTAGCTCCACAGGTATCTTCTTCCCTCTAGTGG
TCATAACAGCAGCTTCAGCTACCTCTC), and human 3�HS1-72 (TAGGG
AGGGAAGAAAGTTTGATGAACTACTTCTGACCCCTAGTGGTGTCCA
GAAAAGACCATTAAAGGAATG). The sequences of mutant sites are iden-
tical to those above, except for those bases in bold lowercase letters in Fig. 3. The
full sequences of chicken 5�HS4FII and its mutants X3� and ctt were described
previously (2). The sequence of chicken 3�HS-A was described previously (36).
Fragments used in enhancer-blocking assays were those used in gel retardation
analyses, except that 102-mers with additional flanking sequences containing
AscI/SalI restriction sites were used to make the mouse 5�HS5, human 5�HS5,
and mouse 3�HS1 constructs. The top strands of these 102-mers were mouse
5�HS5-102 (AGGCGCGCCGTCGACTGACAAAACTAGAGAAAAAGAAT
GAGGCGTTTTCACCACTAGAGGGAAGGCAATTATTATGGAGCCTAC
AGAGTCGACGGCGCGCCT), mouse 3�HS1-102 (AGGCGCGCCGTCGAC
GGAGAGGAGGGCGGAAATCAGTGGAACACTTCTGCCCCCTACTGG
TATGCAACAGGATCATTAGAGAAATGAGTCGACGGCGCGCCT), and
human 5�HS5-102 (AGGCGCGCCGTCGACCATCTTGGACCATTAGCTCC
ACAGGTATCTTCTTCCCTCTAGTGGTCATAACAGCAGCTTCAGCTAC
CTCTCGTCGACGGCGCGCCT).

Plasmids and constructs. pJCbasic was made by removing the chicken 5�HS4
insulator sequences from the SacI and XbaI sites of previously described p137
(10), thereby leaving the A�-globin promoter-neomycin reporter gene in the
BamHI site and the mouse 5�HS2 enhancer in the EcoRI site. pJC�E was made
by subsequently removing the enhancer from the EcoRI site of pJCbasic. The
construct pJC5-4 was described previously (9). In order to make the remaining
constructs, the oligonucleotides (described above) and their complementary
strands were annealed. The double-stranded 102-mers were then restricted with
HincII, followed by XbaI or SacI linker ligation. One copy of the mouse 5�HS5,
human 5�HS5, or mouse 3�HS1 sequence was subsequently subcloned into the
XbaI and SacI sites of pJCbasic to make the construct pmHS5Sac, phHS5Sac, or
pm3�HS1Sac, respectively. In the case of pmHS5Sac-2X, phHS5Sac-2X, or
pm3�HS1Sac-2X, a subclone with two copies of the mouse 5�HS5, human 5�HS5,
or mouse 3�HS1 sequence in the SacI site was selected, respectively. To make
ph3�HS1Sac, ph3�HS1Sac-2X, and ph3�HS1Sac-4X, SacI linkers were ligated

onto the human 3�HS1 72-mer and one, two, or four copies, respectively, of this
fragment were used to replace the SacI fragment in pm3�HS1Sac. To make
pmHS5KpnE, phHS5KpnE, pm3�HSKpnE, and ph3�HSKpnE, the HS2 enhanc-
ers were removed from the EcoRI sites of pmHS5Sac, phHS5Sac, pm3�HS1Sac,
and ph3�HS1Sac, respectively, and the enhancers were replaced with KpnI linker
ligations into the KpnI sites of these constructs. To make constructs with mutant
test fragments, SacI linkers were ligated onto the mouse 3�HS1, human 3�HS1,
and human 5�HS5 aact mutant 72-mers. In the cases of pm3�HS-AACT and
ph3�HS-AACT, the appropriate mutant SacI fragment replaced the wild-type
SacI fragment in pm3�HS1Sac. In the case of phHS5-AACT, the human 5�HS5
mutant SacI fragment replaced the wild-type SacI fragment in phHS5Sac.

Enhancer-blocking assays. Colony assays with K562 cells were carried out as
described previously (2, 9), with the recovery period before plating of the cells in
selective medium being 26 h instead of 48 h. A concentration of 750 �g of active
G418 per ml was used to select for neomycin-resistant colonies. In determining
the relative number of neomycin-resistant colonies, the construct pJCbasic was
used as a reference for the other constructs.

RESULTS

Conserved CTCF-binding sites flanking the mouse and hu-
man �-globin loci. The sequences containing the most distal
HSs of the mouse and human �-globin loci were searched for
the presence of CTCF-binding sites. Since CTCF is known to
bind a variety of sequences (30), the sequence 5�-CCGCTAG
GGGGCAGCA-3� from FII (10) of the chicken 5�HS4 insu-
lator was used for this search. It has been shown previously that
the FII sequence is a useful indicator of CTCF-binding sites at
other vertebrate insulators (2, 36). The domain organizations
of the human, mouse, and chicken �-globin loci are shown in
Fig. 1A, indicating the major HSs found at each locus. At the
distal 5� HSs, the best matches to the FII sequence were found
at 5�HS5 of both the mouse and human loci (Fig. 1B). Over
this region, 14 of the 16 bases are identical in the mouse and
human sequences and 12 bases of the human site and 11 bases
of the mouse site are identical to the chicken FII site. This
conserved sequence was identified previously as a phylogenetic
footprint in mice, galagos, and humans and was originally
thought to be a potential binding site for the AML-1 factor
(27). Likewise, another good match to the FII sequence is
present at 3�HS1 of both mammalian loci (Fig. 1B), but this
time the sequence is in the reverse orientation. Over this 16-bp
stretch, 14 of the 16 bases are identical between the mouse and
human sequences and 13 bases of each mammalian sequence
are identical to the reverse FII sequence.

In vitro binding of the conserved sequences to CTCF. In
order to see if the conserved CTCF sequences are capable of
binding to CTCF, gel retardation assays were carried out (Fig.
2). Seventy-two-base-pair genomic fragments, with each con-
taining the appropriate CTCF site in its center (see oligonu-
cleotides in Materials and Methods), were first tested for the
ability to compete for binding of CTCF to the chicken FII
element (Fig. 2A). All of these sites were able to compete
somewhat for binding, although not as well as the FII element
itself. This suggested that the mammalian sites were bona fide
CTCF-binding sites, which was shown by direct binding studies
either with nuclear extract from human erythroleukemia K562
cells or with partially purified chicken CTCF (Fig. 2B). In each
case, CTCF-DNA complexes were detected, and these com-
plexes could be supershifted by incubation with a CTCF anti-
body (Fig. 2B, lanes 3, 6, 9, 12, and 15). Since the oligonucle-
otides used were quite large and given the wide sequence
variation among CTCF-binding sites (30), it was then necessary
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to see if binding of CTCF to the mammalian sites was specific
for the conserved bases (Fig. 3). This was shown by competi-
tion assays with oligonucleotides that were mutated at con-
served bases, which were shown previously to be important for
binding of CTCF to the chicken enhancer-blocking elements
(2, 36). For each mammalian CTCF-DNA complex, competi-
tion was evident with a wild-type version of the appropriate
binding site (Fig. 3, lanes 2, 8, 14, and 19) and with the wild-
type chicken FII sequence (Fig. 3, lanes 4, 10, 15, and 21).
However, when aact mutant oligonucleotides were used (Fig.
3, lanes 3, 9, and 20) or when mutant versions of the chicken
FII element were used (Fig. 3, lanes 5, 6, 11, 12, 16, 17, 22, and
23), little or no competition was seen. This indicates that bind-
ing of CTCF to the mammalian �-globin sites is specific for
bases conserved with the chicken FII enhancer-blocking ele-
ment.

Even though all of these sites could bind specifically to
CTCF, some differences in their relative binding affinities were
detected (Table 1 and data not shown). The strongest binding
affinities were seen with the chicken FII element and the
mouse 3�HS1 sequence, while moderately good binding was
seen with the human 3�HS1 and 5�HS5 and mouse 5�HS5 sites.
These binding affinities were somewhat stronger than that seen

with the chicken 3�HS-A site, which was shown previously to be
a weaker binding element than the chicken FII site (36) (Table
1). These differences in binding strength indicate that while the
central conserved sequences of these sites are important, other
nonconserved genomic sequences that flank the conserved re-
gion also play a role in protein binding. It is known that CTCF
binds to 	50 bp of sequence and that it does so by using
different combinations of its 11 zinc fingers (15, 30). Thus, the
different binding strengths that we observed among the con-
served �-globin CTCF sites are likely to represent variations in
combinatorial use of the zinc fingers.

Enhancer-blocking activities of the 5�HS5 CTCF sites. In
order to see if the 5�HS5 CTCF sites display enhancer-blocking
activity, colony assays with stably transfected K562 cells were
carried out (Fig. 4). The test fragments in each case were 72-bp
genomic fragments containing the appropriate conserved
CTCF site, as used in the binding assays. In each colony assay,
a construct containing the reporter gene (�-Neo) and the
mouse 5�HS2 enhancer (E) was used as a reference to deter-
mine the relative colony number (construct 1), while a con-
struct with the reporter gene alone was used as an enhancerless
negative control (construct 2). In addition, the construct
pJC5-4 (construct 3) (9), which contains one copy of the 1.2-kb

FIG. 2. CTCF binds to sequences from HSs that flank the human and mouse �-globin loci. (A) Competition of binding of CTCF to the chicken
5�HS4 FII enhancer-blocking element with putative CTCF-binding sequences from the human and mouse �-globin loci. Gel retardation analysis
of complexes between labeled FII (40 fmol) and purified chicken CTCF (200 ng; indicated by an open arrow) following competition with a 100-fold
excess (4 pmol) of unlabeled competitor duplexes. Lanes: 1, no competition; 2, chicken 5�HS4FII; 3, chicken 3�HS-A; 4, human 5�HS5; 5, human
3�HS1; 6, mouse 5�HS5; 7, mouse 3�HS1. (B) Gel retardation analysis of complexes formed between labeled chicken 5�HS4FII (40 fmol; lanes 1
to 3), human 5�HS5 (20 fmol; lanes 4 to 6), human 3�HS1 (20 fmol; lanes 7 to 9), mouse 5�HS5 (20 fmol; lanes 10 to 12), or mouse 3�HS1 (40 fmol;
lanes 13 to 15) site and either 2 �g of human K562 nuclear extract (lanes 1, 4, 7, 10, and 13) or 200 ng of purified chicken CTCF (lanes 2, 3, 5,
6, 8, 9, 11, 12, 14, and 15). CTCF-DNA complexes are indicated by an open arrow. Asterisks indicate nonspecific (data not shown) complexes
formed with K562 nuclear extract. CTCF-DNA complexes were supershifted with the addition of anti-CTCF (C-terminal) immunoglobulin Y (IgY)
(lanes 3, 6, 9, 12, and 15). Supershifted complexes are indicated by the filled arrow.
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5�HS4 chicken insulator sequence on each side of the reporter
gene, was used as a control for enhancer-blocking activity. The
test constructs also contained a copy of the appropriate 5�HS5
CTCF site on the other side of the reporter gene to block any
enhancer-promoter activity between adjacent copies of the
transgene in multicopy lines (Fig. 4A and B, constructs 4 to 7).
When the human 5�HS5 CTCF site was tested in these assays
(Fig. 4A), a 2.5-fold reduction in colony number was seen when
one copy of this site was placed between the enhancer and
promoter (construct 4). This reduction in colony number was
further increased to 5.1-fold when two copies of this site were
placed between the enhancer and promoter (construct 5).
However, when a mutant version of this site was tested be-
tween the enhancer and promoter (construct 6), the same
mutation described in Fig. 3, enhancer-blocking activity was
lost. In addition, enhancer-blocking activity was mostly lost

when a wild-type human 5�HS5 CTCF site was placed on the
other side of the enhancer, such that it was no longer located
between the enhancer and promoter (construct 7). Therefore,
these data indicate that the human 5�HS5 CTCF site acted as
a positional enhancer-blocking element in these assays.

The same enhancer-blocking assays performed with the mouse
5�HS5 CTCF site are shown in Fig. 4B. In this case, however,
enhancer-blocking activity was considerably weaker than that
obtained with the human 5�HS5 sequence. When one copy of
the mouse 5�HS5 CTCF site was placed between the enhancer
and promoter (construct 4), only 1.3-fold enhancer-blocking
activity was seen. Enhancer-blocking activity increased to 1.8-
fold when two copies of this fragment were placed between the
enhancer and promoter (construct 5) but was lost when the
fragment was placed on the other side of the enhancer (con-
struct 6). This weak enhancer-blocking activity may reflect the

FIG. 3. Binding of CTCF to mammalian �-globin sites is specific for bases conserved with the chicken FII enhancer-blocking element. (A) Gel
retardation analysis of complexes formed between the labeled human 5�HS5 (20 fmol; lanes 1 to 6), human 3�HS1 (20 fmol; lanes 7 to 12), mouse
5�HS5 (20 fmol; lanes 13 to 17), or mouse 3�HS1 (40 fmol; lanes 18 to 23) site and 300 ng of purified chicken CTCF. CTCF-DNA complexes are
indicated by an open arrow. Complexes were competed with a 50-fold excess of the unlabeled human 5�HS5 (lane 2), human 5�HS5-AACT (lane
3), human 3�HS1 (lane 8), human 3�HS1-AACT (lane 9), mouse 5�HS5 (lane 14), mouse 3�HS1 (lane 19), mouse 3�HS1-AACT (lane 20), chicken
5�HS4FII (lanes 4, 10, 15, and 21), chicken 5�HS4FII-X3� (lanes 5, 11, 16, and 22), or chicken 5�HS4FII-ctt (lanes 6, 12, 17, and 23) competitor
site. Lanes 1, 7, 13, and 18, no competition. (B) Partial sequences of binding sites used in competition assays. Mutations are indicated in bold
lowercase. WT, wild type.
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fact that mouse 5�HS5 does not appear to play a significant
role in vivo (see Discussion).

Enhancer-blocking activities of the 3�HS1 CTCF sites. Col-
ony assays were performed with 72-bp test fragments contain-
ing either the mouse 3�HS1 (Fig. 5A) or the human 3�HS1
(Fig. 5B) CTCF sequence. All of the test constructs contained
a copy of the mouse 3�HS1 fragment on one side of the re-
porter gene to avoid cross talk between different copies of the
transgene in multicopy lines. When one copy (construct 4) or
two copies (construct 5) of the mouse 3�HS1 site were placed
between the enhancer and promoter, 3.6- and 4.1-fold enhanc-
er-blocking activities were seen, respectively (Fig. 5A). How-
ever, this enhancer-blocking activity was lost when either a
mutant version of the CTCF site was used (construct 6) or
when the site was no longer positioned between the enhancer
and promoter (construct 7).

Enhancer-blocking activity was also tested with the human
3�HS1 CTCF site (Fig. 5B). When one copy (construct 4), two
copies (construct 5), or four copies (construct 6) of this frag-
ment were placed between the enhancer and promoter, 2.9-,
4.2-, and 5.1-fold enhancer-blocking activities were seen, re-
spectively (Fig. 5B). As was the case for the equivalent mouse
site, this enhancer-blocking activity was lost when a mutant
version of the site was tested (construct 7) or when the site was
no longer positioned between the enhancer and promoter
(construct 8). Therefore, these results indicate that both mouse
and human 3�HS1 CTCF sites acted as insulators in these
assays.

Comparison of in vitro binding and enhancer-blocking ac-
tivities. A general, though not complete, correlation can be
made between the ability of these conserved sites to bind to
CTCF in vitro and their ability to function in enhancer-block-
ing assays (Table 1), similar to the correlation made previously
with the chicken FII site and its mutant derivatives (2). In this
comparison, the chicken FII site shows the strongest binding
affinity and enhancer-blocking activity. This 72-bp FII frag-
ment was previously shown to give sixfold insulation (2) or
approximately fivefold insulation when this site was included in
a 1.2-kb fragment (Fig. 4 and 5, construct 3). The mouse 3�HS1
site, which bound to CTCF with an affinity similar to that of the
FII site, also showed good enhancer-blocking activity (3.6-fold;

Fig. 5A). Both the human 3�HS1 and 5�HS5 sites showed
moderate binding affinities, and they each showed moderately
good enhancer-blocking activity (2.9-fold for human 3�HS1
[Fig. 5B] and 2.5-fold for human 5�HS5 [Fig. 4A]). The com-
parative binding affinity of the chicken 3�HS site was somewhat
weaker than that seen with the mammalian 3�HS1 sites, and
this was reflected by a more modest enhancer-blocking activity,
which was shown previously to be about twofold when tested as
a 100-bp sequence (3�HS-A site) or about threefold when
included in a larger fragment (36). However, an exception to
the binding affinity–enhancer-blocking activity correlation was
seen in the case of the mouse 5�HS5 site, which showed mod-
erately good binding affinity (Table 1) but only weak enhancer-
blocking activity (1.3-fold for one copy and 1.8-fold for two
copies; Fig. 4B), suggesting that this site does not play a sig-
nificant functional role at the �-globin locus.

DISCUSSION

In this study, we show that conserved CTCF-binding se-
quences are present at 5�HS5 and 3�HS1 of the mouse and
human �-globin loci. This is reminiscent of the CTCF enhanc-
er-blocking elements present at 5�HS4 and 3�HS of the chicken
�-globin locus. We show that the conserved mammalian se-
quences can bind to CTCF in vitro and that all of them, except
the mouse 5�HS5 site, can function reasonably well in enhanc-
er-blocking assays. The conservation of these CTCF sites
flanking the �-globin loci suggests that these elements may
function as insulators. In Fig. 6, models are presented showing
possible functions of these potential insulators, and these are
discussed in detail below, along with other information per-
taining to each HS.

Potential insulating role for human 5�HS5. No clear func-
tion in vivo has been demonstrated for human 5�HS5, which is
present in some nonerythroid cells (HS V) (41) but is not
ubiquitous (43). This HS is not necessary for LCR function in
transgenic mice, and it does not have any activation properties
in transiently or stably transfected cells (24) or transgenic mice
(43). However, this HS is a multipartite site and various po-
tential regulatory elements have been detected in the region
surrounding it. In addition to the presence of the conserved
CTCF site, the core of human 5�HS5 includes a dyad of CACC
motifs, which may bind Krüppel-like zinc finger proteins (21),
as well as consensus sequences for the erythroid-specific
NF-E2 and GATA-1 factors (27). A retroviral element, named
ERV-9, is present upstream of the 5�HS5 core (29). This ret-
roviral element has a U3 enhancer region rich in GATA,
CACC, and CCAAT motifs and is transcribed preferentially in
erythroid tissue. The ERV-9 transcripts may be the originating
point of the exclusively nuclear LCR transcripts that are de-
tected at different erythroid developmental stages, and it has
been suggested that these transcripts may play a role in creat-
ing and/or maintaining an open chromatin configuration (1, 20,
31). A silencing element consisting of seven tandem GATA
repeats is present in the downstream region of human 5�HS5
(33). In addition, the presence of a matrix attachment region
(MAR) has been reported in a 3-kb fragment encompassing
5�HS5 (25) and two topoisomerase II recognition sites, thought
to contain this MAR activity, are present just downstream of
the 5�HS5 core (42). This MAR contributes to position effect

TABLE 1. Comparison of CTCF-binding affinity and
enhancer-blocking activity

CTCF site Binding affinitya Enhancer-blocking activityb

Chicken 5�HS4 FII ����� �����c

Mouse 3�HS1 ����� ����
Human 3�HS1 ��� ���
Human 5�HS5 ��� ���
Chicken 3�HS �� ��d

Mouse 5�HS5 ��� �

a Relative DNA-binding affinities were determined from the intensities of
shifted bands in gel shift assays (data not shown) using 200 ng of partially purified
CTCF and 40 fmol of labeled duplexes. Under these conditions, 
50%
(�����), 20 to 50% (����), 5 to 2% (���), or 1 to 5% (��) of the
labeled duplexes were shifted.

b Relative enhancer-blocking activities were determined from colony assays.
The highest level of activity (�����) is 6-fold for the chicken 5�HS4 FII site,
while the lowest level of activity (�) is 1.3-fold for the mouse 5�HS5 CTCF site.
��, 2-fold; ���, 2.5- to 2.9-fold; ����, 3.6-fold.

c Data derived from Bell et al. (2).
d Data derived from Saitoh et al. (36) (3�HS-A site).
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protection when linked to the polyomavirus enhancer (42).
Another study has also implicated human 5�HS5 in position
effect protection in stably transfected cell lines, but the insu-
lation effect was not complete in this case (24).

Of particular interest are reports showing that human 5�HS5
has enhancer-blocking activity. In two studies carried out with
transfected erythroid cells (9, 26), positional enhancer-block-
ing activity was observed with 5�HS5 fragments of 	3 kb. Thus,

FIG. 4. Enhancer-blocking activities of the 5�HS5 CTCF sites. Colony assays were performed with transfected K562 cells. Constructs contained
a neomycin reporter gene driven by the human A�-globin promoter (�-Neo) and the mouse 5�HS2 enhancer (E). Shaded boxes in the construct
diagrams indicate the positions of the test fragments, while striped boxes indicate those of the mutant test fragments. The average colony numbers
obtained relative to construct 1 are plotted. Standard errors are indicated. (A) Enhancer-blocking assays with the human 5�HS5 CTCF site. The
following constructs were used: 1, pJCbasic; 2, pJC�E; 3, pJC5-4; 4, phHS5Sac; 5, phHS5Sac-2X; 6, phHS5-AACT; 7, phHS5KpnE. (B) Enhancer-
blocking assays with the mouse 5�HS5 CTCF site. The following constructs were used: 1, pJCbasic; 2, pJC�E; 3, pJC5-4; 4, pmHS5Sac; 5,
pmHS5Sac-2X; 6, pmHS5KpnE.
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it is likely that the CTCF sites present in these larger fragments
are responsible for this enhancer-blocking activity. However, in
yet another study with transfected erythroid cells, a 1.2-kb
5�HS5 fragment synergized with the ERV-9 enhancer to acti-
vate a transgene when it was placed between the enhancer and

an ε-globin promoter (29). The discrepancies observed among
these results may reflect the differences in the 5�HS5 fragments
used, all of which contain multiple elements in addition to the
CTCF site. It is possible that the 5�HS5 fragment used in the
latter study included a particular combination of positive reg-

FIG. 5. The mouse and human 3�HS1 CTCF sites act as insulators in enhancer-blocking assays. (A) Enhancer-blocking assays with the mouse
3�HS1 CTCF site. The following constructs were used: 1, pJCbasic; 2, pJC�E; 3, pJC5-4; 4, pm3�HS1Sac; 5, pm3�HS1Sac-2X; 6, pm3�HS-AACT;
7, pm3�HSKpnE. (B) Enhancer-blocking assays with the human 3�HS1 CTCF site. The following constructs were used: 1, pJCbasic; 2, pJC�E; 3,
pJC5-4; 4, ph3�HS1Sac; 5, ph3�HS1Sac-2X; 6, ph3�HS1Sac-4X; 7, ph3�HS-AACT; 8, ph3�HSKpnE.
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ulatory elements that negated the insulation effect, and this is
consistent with the presence of a moderate enhancer compo-
nent in the 5�HS5 insulator reported by Chung et al. (9).

There is also conflicting evidence for a human 5�HS5 insu-
lator function in the context of the LCR in transgenic mice. In
one such study, when a human �-globin gene was placed up-
stream of 5�HS5 with an additional copy of 5�HS5 on its other
side, the �-globin gene was fully expressed, suggesting that
5�HS5 could not insulate against the activation properties of
the LCR (43). In contrast, in another study with transgenic
mice, when a marked ε-globin gene was placed upstream of
5�HS5, no expression of the ε-globin gene was seen, suggesting
that 5�HS5 acted as an insulator (40). In the same study, the
orientation of the LCR was reversed, such that 5�HS5 was
closest to the �-globin genes. This caused a severe reduction in
the transcription of all of the �-globin genes, suggesting that
5�HS5 is an enhancer-blocking element that prevents the LCR
from interacting with the globin gene promoters.

In the present study, we demonstrated that the conserved
CTCF site of human 5�HS5 has the ability to act as an enhanc-
er-blocking element. Notwithstanding that human 5�HS5 is a
multipartite and complex site associated with various regula-
tory elements, we propose a functional role for its CTCF com-

ponent at the human �-globin locus (Fig. 6A). In this model,
one possibility is that an insulating element at 5�HS5 could
prevent inappropriate interactions between the LCR and up-
stream regions in erythroid cells. Upstream elements with
which the LCR could interfere are the 5� OR genes, 5�HS6 and
-7, and the U3 enhancer of the ERV-9 retroviral element.
Whether or not ERV-9 transcription plays a role in chromatin
opening, an insulating element at 5�HS5 could be a means by
which to prevent overactivation of this retroviral element by
the strong LCR enhancers. Alternatively, 5�HS5 could prevent
interactions between possible upstream regulatory elements
and the downstream regions of the LCR. Such upstream ele-
ments, e.g., the ERV-9 enhancer, could potentially interfere
with communication between LCR elements and the down-
stream �-globin gene promoters.

Mouse 5�HS5. Mouse 5�HS5 is in a region homologous with
human 5�HS5, yet this is a very weak site in erythroid cells (4,
27). As in its human equivalent, an NF-E2 motif and a
GATA-1 motif are present in the conserved core sequence but
the CACC motifs present in human 5�HS5 are missing (4). In
addition, mouse 5�HS5 does not have an element equivalent to
ERV-9 to its 5� side, nor are there topoisomerase II recogni-
tion sites to its 3� side. Instead, an additional prominent HS,

FIG. 6. Models indicating potential insulating functions of human 5�HS5 and 3�HS1. The boxes and arrows are described in the legend to Fig.
1A. The diagrams are not to scale relative to each other. (A) Model indicating possible insulating functions of the human 5�HS5 CTCF site. An
insulating element at 5�HS5 could prevent inappropriate interactions between the LCR and upstream regions (black curved arrows shown on top)
or vice versa (blue curved arrows shown underneath). (B) Possible insulating functions of human 3�HS1. 3�HS1 could prevent �-globin regulatory
elements from inappropriately interacting with the downstream OR genes or other downstream elements (black curved arrows shown on top) or
vice versa (blue curved arrows shown underneath). The extents of two HPFH deletions are shown underneath (17). A similar model can also be
applied to mouse 3�HS1.
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termed 5�HS4.2 (4) or HS5A (27), is present downstream of
mouse 5�HS5. Thus, there are considerable differences be-
tween mice and humans in this region of the LCR.

The weak enhancer-blocking activity we observe with the
mouse 5�HS5 CTCF site is consistent with this HS being weak
in erythroid cells and also with the phenotypes of mouse LCR
deletions that include 5�HS5 (4, 5, 13, 14). Of these deletions,
only a large deletion of 5�HS1 to -6 showed a significant �-glo-
bin phenotype (5, 13), which was apparently due to the absence
of 5�HS1 to -4. The other smaller deletions of the 5�HS5 region
gave a negligible �-globin phenotype (4, 14), suggesting that
any putative boundary function at mouse 5�HS5 is not neces-
sary for gene regulation at the �-globin locus.

While we do not believe that mouse 5�HS5 plays a significant
functional role in erythroid cells, we cannot rule out the pos-
sibility that it plays a minor role in another tissue or develop-
mental stage. Our in vitro binding assays indicate that CTCF
can bind to this site specifically, and the enhancer-blocking
activity that we observe, albeit quite weak, is positional. It may
be relevant that mouse 5�HS5 is an easily detectable HS in
L929 fibroblasts, much stronger than in murine erythroleuke-
mia cells (C. Farrell, unpublished observations). A major sub-
band of this HS, which coincides with the location of the CTCF
sequence and a nearby NF-E2 motif, has also been detected by
another group in the mouse spleen, brain, and thymus but not
in the adult kidney or liver (27). This suggests that in some
instances, the appearance of 5�HS5 may be due to the binding
of a factor that is not erythroid specific, such as CTCF. This
also applies to human 5�HS5 and chicken 5�HS4, which are not
restricted to erythroid cells (35, 41).

Potential insulating role for 3�HS1. 3�HS1 is present as a
strong HS in human erythroid cells, but its presence has also
been shown in other cell types (11). This HS, which exists 	20
kb downstream of the �-globin gene, is characterized by three
subbands that surround a very A/T-rich region (16), with the
CTCF site corresponding to the 3�-most subband. Several
GATA-1 sequences and an NF-E2 motif are present within
this region, but 3�HS1 does not display enhancer activity. Two
topoisomerase II recognition sites are also present at this HS,
and this region was shown to serve as a scaffold-associated
region in both erythroid and nonerythroid cells (16).

An enhancer-blocking element at human 3�HS1 could pre-
vent the LCR and/or other strong positive elements of the
�-globin locus from inappropriately activating the downstream
OR genes in erythroid cells (Fig. 6B). Alternatively, and per-
haps more interestingly, there is the possibility that a 3�HS1
insulator could prevent downstream enhancers from inappro-
priately activating the �-globin genes. It is known that enhanc-
ers exist in the downstream region from the analyses of the 3�
breakpoints of hereditary persistence of fetal hemoglobin
(HPFH) deletions (17, 39). These enhancers are thought to be
responsible for the expression of the fetal globin genes
throughout adulthood, due to their juxtaposition next to these
genes. The enhancer closest to 3�HS1 maps to the HPFH-3 3�
breakpoint, located just downstream of the HOR3��1 gene,
and this also corresponds to an ERV-9 retroviral element (Fig.
6B) (29). All of the large HPFH deletions, except HPFH-5,
include a deletion of 3�HS1, so it is possible that the absence of
a 3�HS1 insulator would allow the downstream enhancers to
activate the �-globin genes. 3�HS1 is also missing in many

deletion thalassemias, some of which display elevated �-globin
gene expression (39). However, HPFHs and thalassemias have
a variety of causes, including point mutations in the �-globin
genes or their promoters, so other elements can also be in-
volved in the persistent expression of the fetal globin genes. In
addition, there are variants of HPFH that have no known
deletions or mutations within the �-globin gene cluster, but
some of these are thought to be linked to the �-globin locus
(39). It is not known if 3�HS1 is present in these HPFH variants.

In mice, 3�HS1 is present 	21 kb downstream of the �-mi-
nor gene in a region homologous with that of humans (6). Like
its human counterpart, it consists of three hypersensitive sub-
bands and the conserved CTCF site again corresponds to the
3�-most subband. Even though the role of mouse 3�HS1 has
not been analyzed in detail, the conserved sequence and struc-
ture of this HS suggest that it plays a role similar to that of its
human counterpart. Therefore, the model shown for human
3�HS1 (Fig. 6B) can also be applied to mouse 3�HS1. Even
though no enhancers are known to exist in the region down-
stream of mouse 3�HS1, an insulator at this HS could prevent
inappropriate interactions between possible downstream ele-
ments, either positive or negative, and the �-globin genes.

Significance of insulators flanking the �-globin domain.
The presence of conserved enhancer-blocking elements flank-
ing the human and mouse �-globin loci could be a means by
which to separate �-globin control elements from neighboring
control elements. Such a function has also been suggested for
the insulators at 5�HS4 and 3�HS of the chicken �-globin
domain (36). However, while the chicken insulators coincide
with the 5� and 3� structural chromatin boundaries, the puta-
tive mammalian insulators at 5�HS5 and 3�HS1 do not. Since it
is not necessary that all insulators mark a transition in chro-
matin structure, this suggests that the potential insulating func-
tion of the conserved mammalian elements may solely be to
prevent cross interactions between control elements of neigh-
boring domains. Thus, these insulators may not necessarily be
able to protect against silencing by neighboring condensed
chromatin structures. Not all insulators possess this property,
e.g., the chicken 3�HS insulator or the differentially methylated
domain boundary element of the mammalian H19/Igf2 locus
(36; F. Recillas-Targa and G. Felsenfeld, unpublished data). It
is also known that this function is not attributable to the CTCF
site in the case of the chicken 5�HS4 insulator (Recillas-Targa
and Felsenfeld, unpublished). On the whole, the mammalian
5�HS5 and 3�HS1 sites did not resemble the chicken 5�HS4
insulator outside of the CTCF-binding site, but in mouse
3�HS1, we noted a sequence similar to footprint III (FIII) (10)
of the chicken 5� insulator. Like the CTCF site, this was also in
the opposite orientation relative to the chicken sequence.
While FIII of the chicken 5� insulator is necessary for position
effect protection, a fragment containing this sequence com-
bined with its adjacent CTCF site functions as a silencing
element in position effect assays (Recillas-Targa and Felsen-
feld, unpublished).

If the mammalian CTCF sites do have a function, then these
potential insulators would have to block interactions over very
large distances. How such a function could be achieved is
unknown. A simple model proposes that the binding of CTCF
(and associated factors) interferes with enhancer-promoter
loop formation, or else it prevents some sort of processive
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mechanism carrying signals between enhancers and promoters
(3). One possibility is that common proteins bound to 5� and 3�
insulators could somehow interact with each other or provide
an attachment point to the nuclear scaffold (19), thereby iso-
lating the �-globin domain from neighboring regulatory ele-
ments. This model may be of more relevance to the human
�-globin locus, where both the 5�HS5 and 3�HS1 CTCF sites
displayed significant enhancer-blocking activity. Also relevant
here is the presence of MARs or scaffold-associated regions at
human 5�HS5 and 3�HS1 (discussed above). However, the
formation of a discrete �-globin domain between 5�HS5 and
3�HS1 may not be feasible in all instances, especially with a
5�HS5 cutoff point, since large deletions at the human and
mouse LCRs have suggested that sequences upstream of
5�HS5 are involved in chromatin opening (5, 13, 34). Thus,
some level of communication between distant upstream ele-
ments and the �-globin genes may be necessary, at least at
some developmental stage, and an insulator at 5�HS5 may only
be required transiently. This could, in part, explain the weak
enhancer-blocking activity of the mouse 5�HS5 CTCF site and
the weak presence and the apparent dispensable function of
this HS in erythroid cells. In addition, this also leaves room for
the possibility that other boundary elements are present at
more distal 5� regions. Nonetheless, given the notion that the
mammalian �-globin locus is divided into subdomains (18, 20),
one could speculate that an insulator at 5�HS5 could function
to separate control elements of these subdomains. The possi-
bility that boundary elements may flank these subdomains was
suggested previously (12). This idea also implies that enhancer-
blocking elements can function to separate regulatory ele-
ments from one another within the same locus. This may be
analogous to the Drosophila Fab-7 and Fab-8 insulators, which
also disrupt long-range enhancer action but at the same time
serve to separate adjacent enhancers of the Abd-B gene in the
Bithorax complex (3).

In conclusion, the mammalian �-globin locus is a large and
complex domain that is embedded within clusters of functional
OR genes. There is considerable homology in the arrange-
ments of regulatory elements in the mouse and human loci, but
there is much less similarity between these loci and the chicken
locus. It is therefore likely to be of functional significance that
CTCF sites are located at conserved positions in all of these
loci. The mouse and human �-globin loci are surrounded by
other regulatory elements, including strong retroviral enhanc-
ers, from which the globin genes may need to be shielded. The
properties of the enhancer-blocking sites, as demonstrated
here, make them excellent candidates to serve that purpose,
and some existing deletions are at least consistent with such a
role. Further extensive deletion studies are necessary to define
that role precisely.
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