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The human -globin locus contains five developmentally regulated (3-type globin genes. All five genes depend
on the locus control region (LCR), located at the 5" end of the locus, for abundant globin gene transcription.
The LCR is composed of five DNase I-hypersensitive sites (HSs), at least a subset of which appear to cooperate
to form a holocomplex in activating genes within the locus. We previously tested the requirement for proper
LCR polarity by inverting it in human f-globin yeast artificial chromosome transgenic mice and observed
reduced expression of all the (3-type globin genes regardless of developmental stage. This phenotype clearly
demonstrated an orientation-dependent activity of the LCR, although the mechanistic basis for the observed
activity was obscure. Here, we describe genetic evidence demonstrating that human HS5 includes enhancer-
blocking (insulator) activity that is both CTCF and developmental stage dependent. Curiously, we also
observed an attenuating activity in HS5 that was specific to the e-globin gene at the primitive stage and was
independent of the HS5 CTCF binding site. These observations demonstrate that the phenotype observed in the
LCR-inverted locus was in part attributable to placing the HSS5 insulator between the LCR HS enhancers (HS1

to HS4) and the promoter of the 3-globin gene.

During the normal process of mammalian development,
proper temporal and spatial expression of genetic information
must be achieved. To this end, gene expression must be tightly
regulated through cis-DNA elements: promoters, enhancers,
and silencers. After the human genome had been completely
sequenced, it became clear that the average size of intergenic
regions is roughly 100 kbp. However, substantial evidence ar-
gues that enhancers can modulate promoter activity from very
long distances, exceeding 100 kbp (19, 20). In such a circum-
stance, one can envision an activity that protects a locus from
neighboring gene regulatory elements to prevent improper
gene regulation. Indeed, such an activity has been described:
DNA insulators were first identified in Drosophila melano-
gaster, and similar activities were subsequently found in mam-
mals.

Insulators can protect a locus by two distinguishable means;
one is a chromatin barrier function, while a second is referred
to as enhancer-blocking activity. The most extensively charac-
terized vertebrate insulator was originally identified in the
chicken B-globin LCR, which consists of four DNase I-hyper-
sensitive (HS) sites; the 5'-most is HS4. After stable transfor-
mation of K562 cells, a 1.2-kbp DNA fragment containing HS4
was found to interfere with enhancer/promoter interactions,
but only when it was placed between them (10). Further anal-
ysis revealed two separable categories of activity within this
1.2-kbp DNA fragment, one of which protects stably integrated
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transgenes from silencing after long-term cell culture (28).
This property of an insulator is referred to as its chromatin
barrier activity.

Chung et al. developed an enhancer-blocking assay to refine
the position of a 250-bp core region within the 1.2-kbp chicken
HS4 insulator fragment that still retained both activities (9).
They then mapped four footprints (FI to FIV) within the core
region to identify DNA binding proteins (2). Following column
and subsequent DNA affinity purification of chicken red blood
cell nuclear extracts, they found that transcription factor
CTCEF, known for its ubiquitous expression and both transcrip-
tional activator and repressor properties (23), bound to the FII
region. Subsequently, it was reported that the chromatin bar-
rier activity in the 250-bp core of chicken HS4 does not require
CTCEF binding to the FII sequences and that this activity was
clearly distinguishable from enhancer blocking (28). Despite a
considerable number of observations analyzing insulator func-
tion, no conclusive evidence has shown how an insulator works.

The human B-globin genes are organized within a 70-kbp
region, with the embryonic &-globin gene located most 5, fol-
lowed by the two fetal y-globin genes (Gy and Avy), while the
adult 8- and B-globin genes are at the 3’ end of the locus (Fig.
1A) (31). High-level human B-globin transcription is regulated
by the LCR, consisting of erythroid cell-specific HS1 to HS4
and developmentally ubiquitous HS5. We have previously
shown that inverting the LCR (HS1 to HSS) in human B-globin
yeast artificial chromosome (YAC) transgenic mice signifi-
cantly diminished expression of all the B-like globin genes
(LCR-inv) (32). We proposed several interpretations for this
observed phenotype, including the possibility that higher-order
chromatin architecture might have been disrupted by the in-
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FIG. 1. Schematic representation of the experimental system.
(A) An extra copy of the HS5 fragment (2.6-kbp, inverted orientation,
middle) was floxed (solid triangles) and introduced between HS1 and
the &-globin gene in human B-globin YAC (A201F4.3; wild type, top)
by homologous recombination in S. cerevisiae. Putative cis-DNA ele-
ments within LCR-HS5 are schematically represented (GATAx7,
MAR, and CTCF). The YAC DNA was purified and used to generate
transgenic mice (TgM). A single-copy, intact YAC transgenic mouse
(mutant) was then mated with Cre-expressing transgenic mice to re-
create the wild-type locus by deleting the ectopic HSS fragment (wild-
type with single loxP footprint) (B) Wild-type (HSS5, upper) and mutant
(HS5/dCTCF, lower) HSS sequences surrounding the putative CTCF
binding site are in italics. To facilitate screening for proper homolo-
gous recombination in S. cerevisiae, two nucleotides (underlined) out-
side the CTCF consensus motif were also mutated, which created an
Accl restriction enzyme site.

version, since it appears that individual HS sites structurally
and functionally constitute a holocomplex, which activates the
globin genes as a single unit (6, 21). If this indeed is the case,
dividing the holocomplex into two domains, HS1 to HSS and
HS6-7, might attenuate LCR activity (5). Another possible
interpretation was related to intergenic transcription (1),
wherein transcripts originating either 5’ to the LCR (24) or
within the HS2/HS3 region (20, 35) were always oriented to-
ward the B-type globin genes (20, 29).

It was hypothesized that intergenic transcription might
somehow be involved in the chromatin-opening activity of the
LCR (12). In this scenario, inversion of the LCR would direct
HS2/HS3-initiated intergenic transcription (but not ERV-9-
initiated transcription) (24) to the wrong strand and thus could
negatively affect globin gene transcription. A third interpreta-
tion of the phenotype was that the putative insulator activity in
HSS5 (22) interfered with LCR enhancer (HS1 to HS4)-pro-
moter interactions. Since chicken HS4 bears strong insulator
activity, it would not be surprising if its ortholog (human HSS5)
bore similar activity. In fact, Farrell et al. searched for CTCF
binding sites in the human and mouse HS5 regions and found
reasonably conserved sites (14). These motifs bound the CTCF
factor in vitro and showed enhancer-blocking activity in cell
culture assays.

In order to evaluate the insulator hypothesis and to clearly
distinguish it from other possible interpretations (32), we es-
tablished multiple transgenic mouse lines bearing a mutant
B-globin locus on a YAC and analyzed globin gene transcrip-
tion. Here we demonstrate that human HS5 contains CTCF-
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dependent enhancer-blocking activity in vivo and that this ac-
tivity is developmental stage specific. We also demonstrate that
there may be an additional activity in HSS5 that specifically
attenuates €-gene transcription independent of the CTCF
binding site.

MATERIALS AND METHODS

1 hi

Targeting vectors for h 2 rec tion in Saccharomyces cerevisiae.
A backbone plasmid for targeting constructs, pHS1/loxPw+, was generated as
follows. Human B-globin HS1 DNA fragment (from nucleotides 13299 to 14250;
HUMHBB, GenBank) was PCR amplified with the primer set HS1-HS5S (5'-
ATTTCTCGAGCAACTAACTCATG-3') and HS1-3A (5'-GAATCTCATGTC
TAGAAATTTTG-3'"), digested with Xhol and Xbal restriction enzymes, sub-
cloned into Xhol- and Xbal-digested pRS306 yeast targeting vector, and verified
by sequencing (pHS1). Artificially introduced X%ol or native Xbal sites on each
oligonucleotide are in italic.

HSI1-LX1-5S  (5'-AGCTGGATCCATAACTTCGTATAGCATACATTATA
CGAAG TTATC-3") and HS1-LX1-3A (5'-AGCTGATAACTTCGTATAATG
TATGCTATACGAAGT TATGGATCC-3") oligonucleotides were annealed,
which makes HindIII-compatible (but not redigestible) ends and ligated to Hin-
dIIT (at nucleotide position 13769)-digested pHS1 in the forward (loxP sense)
orientation. The resultant plasmid was then digested with BamHI at a site that
was artificially introduced into the loxP oligonucleotide (italic) and then ligated
to the next loxP oligonucleotides: HS1-LX2-5S (5'-GATCTTGAATTCATAAC
TTCGTATAGC ATACATTATACGAAGTTATG-3') and HS1-LX2-3A (5'-G
ATCCATAACTTCGTATAATGTATGCTATACGAAGTTATGAATTCAA-
3") after annealing. This second oligonucleotide has Bg/II- and BamHI-
compatible ends, and a BamHI site is generated between the two loxP sites after
ligation into the BamHI site in the forward orientation (this plasmid is hereafter
referred to as pHS1/loxPw+). For convenience, we digested pHS1/loxPw+ with
BamHI, blunt ended it, and ligated to a phosphorylated HindIII linker (5'-CA
AGCTTG-3"), which created a unique HindIlII site between the BamHI sites in
the tandemly duplicated loxP sites.

LCR-HS5 DNA was excised as a 2.6-kbp HindIII fragment (from nucleotides
1 to 2647, HUMBGLOBC, GenBank) (36) from the human B-globin YAC
(A201F4.3) and subcloned into HindIIl-digested pHS1/loxPw+ to generate
pHS1/loxPw+/HSS5. Deletion of the putative CTCF binding motif from within
the 2.6-kbp HSS5 fragment was done by PCR-directed mutagenesis (Fig. 1B), and
successful mutagenesis was verified by sequencing. This mutant HS5 was used for
constructing pHS1/loxPw+/HS5dCTCF. The targeting plasmid DNAs were lin-
earized by digestion with Spel (at nucleotide position 13670) and used for human
B-globin YAC mutagenesis by homologous recombination (6).

Transgenic mice. The generation and structural analysis of human B-globin
YAC transgenic mice has been described elsewhere (34). Removal of the ectopic
HSS5 copy was conducted by mating intact, single-copy human B-globin YAC
transgenic mice with transgenic mice ubiquitously expressing Cre recombinase
37).

Semiquantitative RT-PCR analysis. RNA expression analysis of human B-like
globin transgenes has been described elsewhere (33). In short, total RNA from
two individuals from each transgenic line was extracted from yolk sac (9.5 days
post coitum), fetal liver (14.5 days post coitum) or anemic adult spleen with
Isogen (Nippon Gene). First-strand cDNA was synthesized from 2.5 pg of RNA
with Moloney murine reverse transcriptase (Gibco-BRL). A twentieth of the
reaction was used for PCR amplification with the following parameters: 94°C for
30's, 58°C for 1 min, and 72°C for 1 min. Cycle numbers used for PCR analyses,
which are within the linear amplification range, were as follows: 12 for both the
B and o cDNAs in spleen; 18 and 12 for the y and B/a cDNAs, respectively, in
the liver; and 18 and 12 for the € and y/a cDNAs, respectively, in the yolk sac.
An aliquot of each PCR was electrophoresed on 8% polyacrylamide gels, dried,
and subjected to X-ray autoradiography and phosphorimaging for quantitative
analysis.

RESULTS

Generation of YAC transgenic mice. Since several activities
which could potentially attenuate globin gene transcription
have been reported within the vicinity of HS5, we used a
2.6-kbp DNA fragment to represent HS5 (HS5; Fig. 1A, mid-
dle). This fragment includes seven tandem copies of GATA
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FIG. 2. Structural analysis of the B-globin YAC in transgenic mice. (A) Schematic representation of the mutant human B-globin YAC. The
positions of the B-like globin genes are shown relative to the LCR. Sfil restriction enzyme sites are located 5’ to HS5, between HS4 and HS3, and
in the right arm of the YAC. Probes (solid rectangles) used for long-range fragment analysis and expected restriction enzyme fragments with their
sizes are shown. (B) Long-range structural analysis of transgenes. The whole B-globin locus is contained within two Sfil fragments (10 and 100 kbp,
as in A). DNA from thymus cells was digested with Sfil in agarose plugs, separated by pulsed-field gel electrophoresis, and hybridized separately
to probes (shown in A) from the B-globin locus or from the right YAC vector arm. (C) Schematic representation of the transgene locus around
HS1. Cre-loxP-mediated HS5 deletion removes the 2.6-kbp insert from the mutated loci (middle), which creates a 7.7-kbp Bg/II fragment in the

locus (bottom). Solid arrowheads, loxP sequences. G, Bglll; H, HindIII.

(D) Tail DNAs from wild-type (lines 134 and 31), mutant (lines 60-HSS

and 518-HS5/dCTCF), and loxP footprint (lines 60- and 518-loxP) transgenic mouse lines was digested with Bgl/II, separated on an agarose gel, and
transferred to a nylon membrane. Hybridization was performed with the HS1-3' probe (solid rectangle in C). The bands representative of wild-type
(7.7 kbp), mutated (10.3 kbp), and footprint (7.7 kbp) loci are indicated.

motifs (GATAx7 [27]), a matrix attachment region (MAR [36]),
and putative enhancer-blocking activity, i.e., a transcription
factor CTCF binding site (CTCF [14]). At the same time, to
test the contribution of CTCF to the insulator activity within
HSS5, we deleted the CTCF binding site from the 2.6-kbp DNA
fragment and used it for YAC mutagenesis (HS5/dCTCF for
deleted CTCF; Fig. 1B). Both the 2.6-kbp HS5 and HS5/
dCTCF mutant fragments were inserted 3’ to HS1 in reverse
orientation to mimic the situation (32) in which the whole LCR
was inverted (thereby localizing HS5 between LCR HSI1 to
HS4 and the globin gene promoters in the antisense orienta-
tion).

We flanked both ectopic HSS5 fragments by loxP sites so that
they could be removed in vivo to regenerate a wild-type locus
(loxP; Fig. 1A, bottom). We mutated a 150-kbp human B-glo-
bin YAC (A201F4.3; Fig. 1A, top) by homologous recombina-
tion in yeast cells (6, 17), purified the YAC DNA by standard
methods (6), and used the recovered DNA for microinjection
into fertilized mouse embryos. Tail DNA prepared from
founder offspring (F,) was screened first with PCR primers

specific for the human B-globin gene and then by Southern
blot.

Transgene structural analysis. We generated independent
transgenic lines for YAC HS5 (lines 60, 109, and 139) and
YAC HS5/dCTCF (lines 421 and 518) (Fig. 2). Combined end
fragment and copy number analyses (with a fragment from the
endogenous angiotensinogen locus as an internal control) (11)
of thymus DNA from F, animals revealed that three of the
lines (60, 421, and 518) carried single-copy YAC transgenes
and that the others (109 and 139) bore two copies (Fig. 2B and
not shown).

High-molecular-weight DNA recovered from thymuses was
embedded in agarose plugs and then analyzed by pulsed-field
gel electrophoresis followed by Southern blot hybridization.
We used probes spanning the locus and the YAC vector arms,
HS4-3', e-globin gene (E3I), B-globin (B30O) gene, and the
right arm (R arm) (Fig. 2A) to detect either the 10- or 100-kbp
Sfil restriction fragments predicted from integration of an in-
tact human B-globin gene locus. All of the probes detected
bands of the expected sizes in all the lines (Fig. 2B), indicating
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that each transgenic mouse line carried intact, unfragmented
copies of the transgenes.

Following these structural analyses, we focused on two trans-
genic lines (60 and 518), both of which carried single-copy,
intact transgenes. F, animals from both lines were subjected to
Cre-mediated HSS deletion by mating to ubiquitously ex-
pressed Cre recombinase transgenic mice to remove the ec-
topic HSS fragments. Offspring from this mating were analyzed
for proper fragment excision by Southern blot analysis (Fig. 2C
and D) and those that had undergone Cre-mediated recombi-
nation (Cre-F,) were again mated with wild-type animals to
remove the Cre recombinase allele. transgenic mice of fixed
genotype (Cre-F,) were analyzed for transgene RNA expres-
sion.

Expression analysis in erythroid cells of YAC HS5 trans-
genic mice. Two animals (1 to 2 months old) from each YAC
HS5 transgenic mouse line were made anemic by phenylhydra-
zine injection 5 days prior to analysis, when spleen samples
were collected for RNA extraction. Semiquantitative RT-PCR
was performed to compare the levels of globin mRNA from
wild-type (lines 134- and 31-wild, both single-copy) (32) and
mutant (109-, 139- and 60-HS5) transgenic mice. As shown in
Fig. 3A, human B-globin gene expression in the mutant lines
was consistently 50 to 70% lower compared with the wild-type
transgenic mouse lines. To confirm that the phenotype in YAC
HS5 transgenic mice was due to insertion of the HS5-contain-
ing 2.6-kbp DNA fragment, we regenerated a wild-type trans-
genic mouse line (60-loxP) from the mutant parental line (60-
HS5) by in vivo Cre-loxP recombination. We found that
excision of the 2.6-kbp HS5 fragment resulted in increased
expression in this Cre-treated line, close to the levels observed
in control wild-type YAC transgenic mouse lines (134- and
31-wild).

Next, we analyzed expression of the human y- and B-globin
genes in the fetal liver (14.5 days post coitum; Fig. 3B). RT-
PCR analysis revealed from 50% to more than 90% reduction
in the expression of the - and y-globin genes, respectively, in
the HS5 transgenic mice (109- and 60-HSS5). Once again, this
reduced expression was ameliorated after site-specific deletion
of the ectopic HS5 fragment (60-loxP).

We then analyzed expression of the human €- and +y-globin
genes in the yolk sac (9.5 days post coitum; Fig. 3C). Surpris-
ingly, y-globin expression did not differ significantly between
wild-type (wild) and mutant (HS5) animals at this stage of
erythropoiesis (Fig. 3C, bottom). Since the neighboring €-glo-
bin expression was severely affected (>90% reduction) in the
same samples (Fig. 3C, top), the observed phenotype is gene
specific. Furthermore, y-globin expression was severely atten-
uated in definitive erythroid cells (Fig. 3B), suggesting that an
activity within HS5 may also confer developmental-stage spec-
ificity.

Expression analysis in erythroid cells of YAC HS5/dCTCF
transgenic mice. As noted earlier, there are several cis-DNA
elements that have been reported to lie within the 2.6-kbp
fragment containing human LCR HSS5, any of which could
potentially attenuate the expression of cis-linked genes (14, 27,
36). In previous work (32), we inserted an ectopic €-globin
gene 5’ to HSS and observed virtually no expression of this
gene, while the resident copy of € in its normal position within
the locus was expressed at normal levels. We interpreted these
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FIG. 3. RT-PCR analysis of B-like globin expression in erythroid
cells of HS5 YAC transgenic mice. (A) Total RNA was prepared from
the spleens of 1- to 2-month-old anemic mice and subjected to cDNA
synthesis by reverse transcriptase (RT). The relative expression levels
of the B-like globin genes, after normalization to that of the endoge-
nous mouse a-globin gene, were determined by RT-PCR analysis.
Data were collected from two individuals for each line and the average
and standard deviation, determined by three sets of PCRs, are graph-
ically depicted. Representative results of RT-PCR for human B (hB)
and mouse a (ma) amplicons are shown below each panel. (B and C)
Total RNA was prepared from the liver (E14.5) or yolk sacs (E9.5) of
two fetuses in two litters (lit.1 and lit.2) derived from the intercross of
male transgenic and female wild-type animals. Representative results
of RT-PCR for human € (he), vy (hy), B (hB), and mouse a (ma) are
shown below each panel.

data, in combination with those from the LCR inversion ex-
periment, to mean that HS5 must be positioned between the
e-globin gene promoter and enhancer activities within the LCR
(HS1 to HS4) for the gene to be suppressed. This strict con-
textual dependence was reminiscent of the enhancer-blocking
activity of an insulator. Hence, we chose to test the contribu-
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FIG. 4. RT-PCR analysis of B-like globin expression in erythroid
cells of HS5/dCTCF YAC transgenic mice. Total RNA was prepared
and analyzed as in Fig. 3.

tory activity of the CTCF binding motif (14) among all the
elements present within the 2.6-kbp HS5 fragment to the phe-
notype observed in YAC HS5 transgenic mice.

In definitive erythroid cells (adult spleen or fetal liver) of
HS5/dCTCF transgenic mice, no significant change in expres-
sion of the B-like globin was observed in comparison to wild-
type transgenic mice (134- and 31-wild; Fig. 4A and B), sug-
gesting that HSS was devoid of the enhancer-blocking activity
observed in the YAC HS5 transgenic mice at the same stages.
To determine whether another suppressing activity might re-
side within HSS5, the mutant HSS fragment bearing the deleted
CTCF binding site was removed by in vivo Cre-loxP recombi-
nation (Fig. 2C and D) to recreate pseudo-wild-type loci (518-
loxP). Again, there was no significant difference in the expres-
sion of B-like globin genes before or after the removal of the
fragment (518-HS5/dCTCF and 518-loxP; Fig. 4A and B), in-
dicating that a putative CTCF binding motif in the human
LCR-HSS is solely responsible for the phenotype observed in
definitive erythroid cells of HS5 YAC transgenic mice (Fig. 3A
and B). Surprisingly, however, the level of e-globin gene ex-
pression in the embryonic yolk sac of HS5/dCTCF transgenic
mice was significantly lower than that observed in wild-type
control mice (Fig. 4C). This phenotype was not due to a posi-
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tion-of-integration site effect, since the expression was com-
pletely restored after removing the HS5 fragment (Fig. 4C).
The level of y-globin expression was once again unaffected at
this stage, as it was similarly unaffected in the HS5 transgenic
mice (Fig. 4C).

DISCUSSION

To test whether or not HSS carries an activity that can
insulate a gene(s) from environmental effects (referred to here
as enhancer-blocking activity), Zafarana et al. (38) introduced
a copy of the adult B-globin gene 5’ to the LCR in transgenic
mice. Inasmuch as the adult B-globin gene was expressed at
normal levels in this mouse line, they concluded that HSS does
not bear enhancer-blocking activity in vivo. We also tested this
hypothesis by generating YAC transgenic mice, inserting a
marked e-globin gene 5’ to HSS within the YAC (5'¢ trans-
genic mice (32), and found very little expression of the marked
e-globin gene in primitive erythroid cells of this mouse. We
interpreted these data to mean that HSS might bear intrinsic
insulator activity.

What might account for the apparent discrepancy in the two
reports? One possibility is that the two simply differ in regu-
latory information, although it is difficult to judge precisely the
limits of the transgene construct examined by Zafarina et al.
from the information provided. In general, smaller transgenes
tend to suffer more significantly from position-of-integration
effects, even when the LCR is joined to an expression con-
struct, which complicates quantitative comparisons among
transgenic lines. Alternatively, it is clear from the results pre-
sented here that the adult B-globin gene (at the definitive
stage) is less severely affected than is the e-globin gene (at the
primitive stage), although the phenotype observed in the 5’ €
transgenic mice is not generated solely by CTCF binding to
HS5 (Fig. 4C). Regardless, we conclude that HS5 embodies
intrinsic enhancer-blocking activity, one of three formal possi-
bilities presented in previous work (32).

We found one intriguing phenotypic difference between our
previous LCR-inv (32) and the present HS5 YAC transgenic
mouse lines, which was manifested as a difference in the ex-
pression of y-globin genes in the yolk sac. When HS5 was
misplaced by inverting the whole LCR (LCR-inv), we found
>50% reduction in the expression of these genes. However, we
did not observe a similar reduction in the mutant transgenic
mice created by inserting a single ectopic HSS in the locus
(HS5), suggesting that important characteristics of the LCR
other than HSS position and identity were altered during the
process of LCR inversion. One such feature may be a unidi-
rectional intergenic transcription from the HS2/HS3 domain.
Routledge et al. (29) performed a detailed analysis of LCR
transcription and reported discrete initiation sites, in both HS2
and HS3, directionally towards globin genes. If this directional
intergenic transcription were somehow involved in LCR func-
tion, inversion of the LCR would result in aberrant gene reg-
ulation. However, there is another example showing that HS2
transcription is bidirectional (18). Hence, the underlying mech-
anism accounting for the phenotypic difference and its rele-
vance to 3-globin locus gene regulation is currently unknown.

Farrell et al. reported a comparison of CTCF-dependent
enhancer-blocking activities of sequences from the 5'- and
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3’-flanking regions of the chicken, mouse, and human B-globin
gene loci (14). In their transfection-based enhancer-blocking
assay, human and mouse 5' HSS5s conferred moderate or al-
most negligible activities, respectively, compared with the
chicken 5" HS4 insulator sequence. These data thus comple-
ment the earlier observation that deletion of 5" HSS from the
endogenous murine B-globin locus produces no apparent phe-
notype (3, 13). Furthermore, deletion of single HSs from the
endogenous mouse locus generally generates much more mod-
est phenotypes than the deletion of a corresponding HS from
a human cosmid or YAC transgenic globin locus (summarized
in 7), suggesting that the chromatin environment surrounding
the endogenous murine B-globin locus may be more permissive
for establishing an open erythroid chromatin configuration and
thus may not require powerful insulator activity. While murine
HSS5 may have lost its enhancer-blocking function during the
process of evolution or may never have possessed the function,
human HS5 may act either to protect B-like globin genes from
the surrounding regulatory elements for olfactory receptor
genes (4, 15) and/or to protect olfactory receptor genes from
B-globin LCR enhancement (14), as proposed for the chicken
locus (26). This hypothesis can be tested directly.

While the expression of y-globin genes in primitive-stage
erythroid cells was minimally affected (Fig. 3C), the same
genes were severely affected during definitive erythropoiesis
(Fig. 3B). Additionally, when the degree of phenotypic severity
in the HS5 transgenic mice on two different B-like globin genes
is compared at a given stage, one gene is generally affected far
more than the other. Both observations imply that the enhanc-
er-blocking activity within HS5 may have gene and develop-
mental stage specificity. When we examine these phenotypes
carefully, we can generalize that the gene with lower transcrip-
tional activity is always more severely affected (e.g., the y gene
is less abundantly transcribed [less than 10% of the B gene]
[25] and more severely affected than the B gene at the fetal
liver stage; Fig. 3B), precisely in accord with the observed
transcriptional effects elicited by the gypsy insulator (30).
When more than one gene can potentially interact with a
shared enhancer in a competitive environment (8, 16) but only
one of them can be preferentially expressed, such a feature of
enhancer-blocking activity would be beneficial for finely tuning
gene expression activity both for multigenic loci and also gen-
erally. We therefore propose that the original role of the en-
hancer-blocking function of insulators might have been to es-
tablish proper enhancer-promoter interactions by reducing
inappropriate noise in surrounding gene activity. The facts that
consensus CTCF binding motifs are not strictly conserved in
sequence and that these are found at many sites throughout
the genome are consistent with this hypothesis (2). Further-
more, the conclusion that a promoter with more feeble activity
is always more severely affected is reminiscent of the promoter
competition hypothesis (8). The enhancer-blocking insulator
may thus be playing a role by participating in the competition
as one of the competing elements.

When we removed a CTCF binding motif from the ectopi-
cally positioned human HS5 fragment (HS5/dCTCF), enhanc-
er-blocking activity was completely lost in definitive erythroid
cells (in both the adult spleen and fetal liver). We concluded
that this CTCF binding motif is solely responsible for the
transcriptional attenuating activity of HSS at this stage. This
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observation also confirmed that the reduced expression of
B-globin in HS5 transgenic mice is not due to increasing the
distance between the LCR and the promoter. However, in
primitive erythroid cells (yolk sac), the situation was radically
different: the level of e-globin gene expression was still far
lower than the abundance observed in the wild-type locus.
Although vy-globin expression was not affected significantly in
primitive erythroid cells of HS5/dCTCF transgenic mice, this
was also true for HS5 transgenic mice bearing an intact CTCF
binding motif. The degree of repression in € expression was
around 94% and 86% in HS5 and HS5/dCTCF transgenic mice,
respectively. If we assume that this difference is statistically
meaningless, we could draw an intriguing conclusion: that the
enhancer-blocking activity associated with disrupted CTCF
binding may be completely absent in primitive erythroid cells.
Thus, the reduced level of e-globin gene expression detected at
this stage in both HS5 and HS5/dCTCF transgenic mice may be
governed by a g-globin gene-specific activity within HSS that is
independent of CTCF binding. This hypothesis, if correct,
could also explain why +y-globin expression was not affected in
yolk sac erythroid cells of HS5 or HS5/dCTCF transgenic mice.
This hypothesis is challenged by the fact that most enhancer-
blocking assays performed to date have been conducted in
K562 cells, which presumably most closely approximate the
primitive erythroid environment, with the y-globin promoter as
the reporter gene (14).

The CTCF-independent &-globin gene-specific attenuating
activity associated with the HSS fragment described here could
be a novel enhancer-blocking activity which has strict gene
specificity, or it could represent a different class of activity
contained within the seven tandem copies of GATA motifs,
which were reported to repress €-globin promoter activity in
K562 cells (27). It is also possible that this phenotype may be
simply due to extending the distance between the LCR and the
e-globin gene promoter because of insertion of the 2.6-kb
DNA fragment (the distance between HS2 and the € promoter
expands from 10 kb to 13 kb after insertion of the ectopic HS5
fragment). If this is indeed the case, the e-globin gene must be
far more susceptible to distance effects than the y-globin genes.

LCR HSS is a complex molecular unit, composed of multiple
activities that may individually or cooperatively modulate
B-globin locus regulation. In this work, we showed that one
such function is a CTCF-dependent enhancer-blocking activity
that is active in definitive erythroid cells. We also observed a
e-globin gene-specific attenuating activity in HS5 that appears
to function independently of CTCF binding; the origin of this
activity with respect to previously identified cis-DNA elements
within the 2.6-kbp HSS fragment is currently under investiga-
tion.
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