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ABSTRACT The human 13-like globin gene locus contains
embryonic, fetal, and adult globin genes that are regulated in
a developmentally timed, as well as a tissue-specific, manner.
The locus control region (LCR), located 5' of the globin genes,
is characterized by four erythroid-specific nuclease-
hypersensitive sites within native chromatin. These sites con-
tain the active elements of the LCR. The LCR establishes an
active chromatin conformation across the globin locus and
enhances globin gene expression in transfected erythroleuke-
mia cells and transgenic mice. We have used 5' DNase I
hypersensitive site (HS) 4 as a model to define the minimum
elements necessary for site formation. We have identified a
101-base-pair fragment within 5' HS4 that is the active site-
forming element. DNase I footprint and gel-mobility shift
assays have identified binding sites for transcription factors
AP-1/NF-E2, Sp-1, and GATA-1 within the HS-forming ele-
ment. We conclude that HS formation, the characteristic
feature of the LCR in nuclear chromatin, requires interaction
between erythroid-specific and ubiquitous nuclear proteins.

The globin genes exhibit a complex pattern of expression,
being regulated in a developmentally, as well as tissue-
specific, manner (1). Recent observations have identified the
locus control region (LCR) as a critical component of the
regulatory mechanisms that lead to erythroid tissue-specific
and high-level expression of the globin genes. The LCR was
first identified as a series of DNase I hypersensitive sites
(HSs) in chromatin (Fig. 1A) (2, 3). The functional relevance
of the 5' sites was underscored by the discovery of deletion
mutants that eliminate the LCR region but leave all, or a
portion, of the 83-globin gene cluster intact (4-6). The f8-
globin genes on chromosomes having one of these deletions
are in an inactive chromatin conformation, and the individual
genes are not expressed in erythroid cells of patients or in
somatic cell hybrids (7, 8). The LCR region, when linked to
a /3-globin gene, confers high-level, copy-number-dependent,
and integration-position-independent expression on linked
globin genes in erythroid tissues of transgenic animals (9-11).
Thus, the LCR appears to have two major functions. (i) It
establishes an erythroid-specific active chromatin domain (3,
7). (ii) It confers high-level, appropriate expression on linked
globin genes (12-14). The latter function has been studied
most extensively. The active regions of 5' sites 2-4 are found
within 225- to 300-bp fragments coincident with the position
of the hypersensitive site in nuclear chromatin (12-16).
Remaining to be defined are the mechanisms by which the

HSs form in chromatin and by which the LCR changes the
chromatin conformation throughout the entire 3-globin gene
cluster. We have approached these problems using 5' HS4 as
a model. Using a series of truncation and deletion mutations,
we have localized the active site-forming element of HS4 to

a 101-base-pair (bp) fragment that contains binding motifs for
erythroid-specific and ubiquitous proteins.

MATERIALS AND METHODS
DNA Constructs. HS4 constructs used a 1394-bp DNA

fragment from the human LCR, extending from BamHI
[GenBank accession no. J00179 nucleotide (nt) 308; 19,197 bp
5' of the e-globin gene cap site] through Sph I (GenBank nt
1702). This fragment was subcloned into pUC007, a pUC-
based plasmid with an unusual polylinker (15). The 3' trun-
cations of this base fragment were made by a series of
controlled exonuclease III digests from the 3' polylinker of
the subcloned DNA. The series of HS4 truncations was then
religated into the Xho I/Sma I cloning sites of pUC007. A
1.9-kilobase (kb) HindIII/IHindIII fragment (GenBank nt
3270-5172) containing HS3 and a 1133-bp Xho I-Sal I frag-
ment from pMClneo polyA (Stratagene) containing a neo-
mycin resistance gene (neo) (17) were subsequently cloned,
as a common fragment, 3' ofeach ofthe HS4 truncations (Fig.
1B). Finally, anXho I linker was cloned 3' ofthe bacterial neo
gene so that the entire HS4/HS3/neo element could be
released from the genomic DNA of stable transfectants for
Southern blotting as an Xho I-Xho I fragment (Fig. 1B).
Internal deletions (IDs) of the HS4 region were made by
opening the longest 3' truncation plasmid (TR-1) at a unique
Acc I site within HS4 (GenBank nt 996). Exonuclease III
digests were done as above. After these digestions the
plasmid was cut at a specific EcoRI site within the neo gene,
releasing a fragment that contained HS4 with variable dele-
tions 3' of the Acc I site. These fragments were then recloned
back into the base TR-1 plasmid in place of the excised
wild-type Acc I-EcoRI fragment. All truncation and ID
mutants were sequenced before use.

Transgenic Mice. HS4 truncation TR-1 was excised from its
base plasmid as a BamHI-BamHI fragment (the 3' BamHI
site is within the plasmid polylinker) and microinjected into
the male pronucleus of fertilized mouse eggs by standard
techniques (18). Livers and brains were isolated from all
14-day-old fetuses. Single-cell suspensions were produced by
passing tissues through a 21-gauge needle. Nuclei were then
isolated and digested by DNase I for HS analysis (see below).
An aliquot of DNA from each fetal liver was then analyzed
for the injected HS4 fragment by Southern or dot blotting.

Stable Transfections. Mouse erythroleukemia (MEL) cells
were stably transfected with test HS4 plasmids as described
for K-562 cells (19). Transfected cells were grown for 48 hr
in nonselective medium and then diluted to 2.5 x 104 and 7.0
x 104 cells per ml in G418-containing medium (0.5 mg/ml;
GIBCO). Ten days after electroporation at least 20 individual
clones were picked and pooled and then expanded in G418-

Abbreviations: HS, DNase I hypersensitive site; LCR, locus control
region; ID, internal deletion; MEL, mouse erythroleukemia cell line;
nt, nucleotide(s).
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FIG. 1. (A) Human globin gene locus showing positions of
expressed globin genes. Arrows indicate location of major HSs. (B)
Schematic representation of plasmids used to stably transfect MEL
cells in experiments designed to localize sequences necessary for
HS4 formation. In addition to truncation mutants of HS4, plasmids
also contain HS3 as an internal control for HS formation and neo as
a selectable marker. Linear diagram of plasmid shows locations of
Xho I sites and probe used for Southern blotting; approximate
locations of HSs are also shown.

containing medium for 7 days. The cells were then grown in
medium without G418 for at least 2 days, and HSs were
assayed.
HS Assays. Isolation of nuclei from both MEL and primary

cells and subsequent DNase I digestions were as described by
Elder et al. (20). In assays on MEL cells with stably inte-
grated plasmid, genomicDNA was digested withXho I. DNA
from transgenic mice was digested with BamHI. Southern
blotting was done as described by Rigaud et al. (21). The
probe used was a 634-bp Sac I-Sac I fragment from the 5' end
of the original HS4 fragment.

Protein-Binding Assays. Nuclear extracts from MEL,
K-562, and Namalwa cell lines were prepared from late-
logarithm cell cultures by the method of Dignan et al. (22) as
described (16). DNase I protection and gel-mobility shift
assays were done as described (15, 16). Probes for DNase I
footprinting were produced by PCR (23) using primers within
the HS4 region (GenBank nt 1060-1079 and 1214-1234). One
primer was 5' end-labeled with polynucleotide kinase before
PCR. Gel-shift assay probes were annealed synthetic oligo-
nucleotides, which included GenBank nt 1101-1160 (5'
probe) and 1151-1200 (3' probe). The probes were labeled by
using Klenow DNA polymerase to fill in 5' overhangs.
Competitor oligonucleotides used in gel-shift assays have
been described: AP-1 (globin HS2 enhancer) (15, 16), Sp I
(simian virus 40) (15), GATA-1 (-163 to -199) of the human
Ay-globin gene promoter (24).

RESULTS
Tissue.Spedfic Formation of 11S4 in Transgenlc Animals. All

HS4 constructs tested have the BamHI site at GenBank nt 308
as their 5' boundary. This site serves as the initial site in the

numbering system we have used to describe the HS4 region.
In each of three transgenic animals, HS4 was detected within
the injected 1285-bp fragment in nuclei from erythroid fetal
liver; the site was not present in brain nuclei. Two prominent
cutting sites were detected at ant 860 and 940 (see Fig. 2). The
boundaries of the site extend from ant 710 to nt 1000. Minor
sites centered at nt 580 and nt 1160 appear at higher DNase 1
concentrations. These results show that tissue-specific forma-
tion of HS4 requires no sequences other than those contained
within the 1285-bp fragment and suggest that this fragment can
form HS4 independent of its integration site.
Mapping Sequences Required for HS4 Formation. A series

of plasmids containing truncations or IDs of the 1285-bp
fragment were stably transfected into MEL cells. The plas-
mid also contained HS3 as an internal control for site
formation and the neo gene as a dominant selection marker
(Fig. 1B). Initially, a series of truncation mutants (Fig. 3)
were studied in pools of individual MEL cell clones. Both
major and secondary HS4 sites were seen in all but the
shortest truncation, TR-5. The sequences in HS4 where the
major HS and 3' minor HS form are deleted in TR-4. Despite
the deletion ofthese sequences, full major and minor HSs are
formed (Fig. 3). These results indicate that the active element
required for HS4 formation is removed in TR-5, is smaller
than the site itself, and can direct site formation over DNA
not originally derived from the HS4 region.
A series of IDs were used to map the 5' boundary of the

active element. The 5' boundary of each deletion mutant was
at nt 691 (Fig. 4). HS4 did not form with IDs of 199 or 159 bp
(ID-1 or ID-2, respectively). A faint HS was present in MEL
cell nuclei at high DNase I concentrations with the ID that
eliminated 132 bp (ID-3). The site was formed with full
intensity and normal morphology when the ID that eliminated
only 98 bp (ID-4) was used. From analysis of the truncation
and ID mutants, we conclude that the sequences required for
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FIG. 2. Formation ofHS4 in transgenic mice. A 1285-bp fragment
containing HS4 was used to generate transgenic mice. Nuclei from
14-day-old fetal livers and fetal brains were analyzed for the HS. The
site is present only in fetal liver and is detectable at very low
concentrations of DNase I. At the lower enzyme concentrations the
site appears as two discrete bands. The 1285-bp fragment is shown
below with the probe used for Southern blotting. Locations of the
two bands that comprise the HS are indicated by arrows. Numbers
in parentheses indicate GenBank nt. P, parental; M, molecular size
marker.
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cells. Numbers in parentheses
are GenBank nt. (Lower) Trun-
cations tested as well as loca-
tions of the two discrete bands
detected at low concentrations
ofDNase I (arrows). Probe used
for Southern blotting is also pic-
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sent. HS4, with its characteristic
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seen in all but the shortest trun-
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site formation are contained within a 101-bp fragment that lies
between nt 793 and 894 of the original 1285-bp fragment.
A 203-bp fragment extending from nt 691 to 894 (corre-

sponding to the sequences deleted in ID-1) was incorporated
into the plasmid shown in Fig. 1B for the HS4 fragment.
When stably transfected into MEL cells, this 203-bp fragment
could form aHS (data not shown). These data suggest that the
active element is not only necessary, but also is sufficient for
site formation.

Proteins That Bind to the Site-Forming Element. Several
tissue-specific footprints were seen in DNase I protection
assays with nuclear extracts from erythroid and lymphoid
cells (Fig. 5). A prominent footprint is seen between nt 887

TR-1 ID-1 ID-2 ID-3

and 898; the TR4 truncation mutant that directs formation of
HS4 (Fig. 2) eliminates sequences contained within the 3'
portion of this footprint, indicating these sequences are not
required for site formation. Three prominent footprints ex-
tending from nt 816 to 836, 841 to 848, and 861 to 880 appear
on sequences within the active element. Prominent hyper-
sensitive cutting sites, dependent on erythroid nuclear ex-
tract, are seen at nt 857 and 184. Using a probe labeled on the
opposite strand, we found no footprints located 5' to that seen
at nt 816-836 (data not shown). No footprints or HSs were
seen when the lymphoid extract was used.
Two probes were used in a gel-shift analysis (Fig. 6). The 5'

probe (A) contained nt 793-853 and was incubated with K-562
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FIG. 4. Use of IDs of the HS4
region to localize 5' boundary of
the sequences necessary for HS
formation. Plasmids containing
these IDs (see Fig. 1) were stably
transfected into MEL cells. Num-
bers in parentheses are GenBank
nt. HS assays for four tested ID
mutants are shown. In all four
assays, HSs associated with the
neo gene promotor and HS3 are
present. As a positive control HS4
from TR-1 was included. No HS4
occurs in the two largest IDs (ID-1
and ID-2). When ID-3 was tested,
a very weak HS is noted, but only
at higher DNase I concentrations.
ID-4 can form HS4 with its normal
sensitivity, intensity, and mor-
phology. P, parental; M, molecu-
lar size markers.
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FIG. 5. DNase I protection assay. A 175-bp probe extending from
bp 751 to 926 of the original 1285-bp HS4 fragment was used to map
protein-binding sites within the 101-bp region previously identified as
being necessary for HS4 formation. Extracts from MEL and lym-
phoid Namalwa cell line are compared. Several erythroid-specific
footprints and their locations within the 1285-bp region are indicated
by brackets. Also present are two cutting sites that become more
sensitive to DNase I in erythroid nuclear extract; the most prominent
of these is located at bp 857.

cell nuclear extracts, and the 3' probe (B) contained nt 843-892
and was incubated with MEL cell nuclear extracts. In a series
of cross competition experiments we found that three proteins
bound to these probes. Transcription factors AP-1 and Sp-1 (or
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FIG. 6. Gel-mobility shift assays. (A) Probe from 5' end of
previously identified 101-bp region necessary for HS4 formation (nt
793-853) was incubated with K-562 nuclear extracts. Two major
bands (A and B) are present. Both bands specifically competed with
a 200-fold excess of unlabeled probe: the lower band specifically
competed with an oligonucleotide containing sequences from the
HS2 enhancer known to bind AP-1, whereas the upper band com-
peted with an oligonucleotide derived from the simian virus 40
enhancer known to bind Sp-1. (B) Probe from 3' end of region (nt
843-892) was incubated withMEL nuclear extracts. Again two major
bands (A and B) are seen. These bands did not compete with AP-1
or Sp-1 competitors but did compete with unlabeled probe and an
oligonucleotide from the y-fglobin promoter known to bind GATA-1.

a related protein) bound to the 5' probe (Fig. 6A; similar results
were seen with MEL extracts, but the AP-1 band was much
less intense; data not shown). Unlabeled 5' probe was an
effective competitor for NF-E2 binding to the HS2 enhancer
fragment (data not shown), consistent with the results of
Pruzina et al. (14), who showed that transcription factor
NF-E2 as well as AP-1 bound to the HS4 fragment. Only the
erythroid-specific protein GATA-1 bound to the 3' probe.
Probe B contains two GATA-1-binding motifs (Fig. 7); the
lower band in the gel-shift analysis (Fig. 6B) is thought to
reflect binding of a single GATA-1 molecule, and the upper
band is thought to reflect binding of two molecules (14).

DISCUSSION
The 5' HS4 from the 3-globin gene cluster was selected as a
model for our studies of the mechanism of DNase I site
formation. We have delineated a 101-bp active element that
contains all of the sequence information necessary for site
formation. This active element contains binding motifs for
proteins AP-1/NF-E2, Sp-1, and GATA-1. These results
appear generally relevant to the mechanism of HS formation
within the globin LCR.

860 940

0~~~~~128

(308) _- ' - (1593)

ATGGCTTGCCCTGCCTCTCTACTAGGCTGACTCACTCCAAGGCCCAGCAATGGGCAGGGCTCTGTCAGGGCT| GATAGCACTATCTGCAGAGCCAGGGCCG

70899l AP-1/N F-E2 S Pa1 GATA-1 GATA- 1 89908

DNASE 1 FOOTPRINTS + I

814 816-836 841-848
4
857 861-880

FIG. 7. HS4 was mapped to a region within a 1285-bp fragment as shown by hatched areas. The HS characteristically exhibited two intense
bands at low DNase I concentrations, the centers of which are indicated by large arrows. A 101-bp region was shown necessary for HS4
formation. The sequence of this region is shown with binding motifs for proteins indicated. Also shown are locations ofDNase I footprints and
nucleotides, which become more sensitive to DNase I cutting in erythroid nuclear extracts (small arrows).
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The constellation of binding motifs we have identified
within the site-forming element of HS4 is also found within
other cis-acting elements of the globin gene cluster. In each
of these elements the area of homology to the HS4 site-
forming region coincides with the domain of DNase I hyper-
sensitivity and is contained within fragments derived from
each site that confer high-level, site-independent expression
of linked globin genes (12-14, 25-27). For example, the
chicken f3-globin enhancer has a virtually identical array of
transcription factor AP-1/NF-E2-, Sp-1-, and inverted
GATA-1-binding sites (25). The human 5' HS3 and 5' HS2
also contain binding motifs for AP-1/NF-E2, Sp-1, and
GATA-1 with spatial arrangements similar to that in HS4 (12,
13, 21, 28). In 5' HS2 tandem NF-E2 sites are necessary, but
insufficient, for full enhancing activity when test constructs
are assayed in chromatin (21, 27). These results suggest that
the constellation of binding proteins, including AP-1 as well
as Sp-1 and GATA-1, is needed to alter chromosome struc-
ture to allow full enhancing activity of HS2. The HS-forming
element described can alter chromatin structure over several
hundred base pairs. This chromatin opening activity may
allow the interaction of HS enhancer elements with the
distant globin genes.

Recently, Pruzina et al. have published an HS4 analysis
(14). They mapped the location of HS4 to the same position
as we found and showed that a 280-bp fragment from the HS4
region conferred copy-number-dependent, integration-site-
independent expression ofa linked 3-globin gene, although at
only M10o level of the endogenous gene. This 280-bp frag-
ment contains the 101-bp HS-forming element we have
identified.
A specific aspect ofHS elements of the globin LCR is their

"super-hypersensitivity" to DNase I, a property that initially
attracted attention to this region (2, 3, 29). We propose that
displacement of a single nucleosome is a primary event and
occurs by binding of several proteins to closely clustered
motifs within the site (30). The quality of super-hypersensi-
tivity may then be conferred by a specific interaction between
the proteins of the site-forming element in inducing DNA
conformational changes, making specific base pairs highly
susceptible to DNase I cleavage (31). In our footprint anal-
ysis, we noted an erythroid-specific, protein-dependent,
preferential cutting site that maps very close to, or at, the
position of a cutting site seen in nuclear chromatin. Further
evidence for this hypothesis is seen in the comparison of IDs
3 and 4 (Fig. 4). ID-3 exhibits a relatively low-sensitivity HS.
This construct contains the binding motiffor Sp-1 and the two
GATA-1 sites. ID-4 adds to these the sequences for AP-1/
NF-E2 binding. In ID-4 the HS is -10-fold more sensitive to
DNase I. The very different levels of sensitivity to DNase I
of these constructs may represent single nucleosome dis-
placement (ID-3) and the formation of a specific, much more
sensitive DNA structure characteristic of the globin 5' HSs
(ID-4).
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