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ABSTRACT

We previously identified the murine homologue of the
human g-globin Locus Control Region (LCR) 5’ HS-2.
The \ clone containing murine 5’ HS-2 extends
approximately 12 kb upstream from this site; here, we
report the sequence of this entire upstream region. The
murine homologue of 5’ HS-3 is located approximately
16.0 kb upstream from the mouse cy-globin gene, but
no region homologous to human 5’ HS-4 was present
in our clone. Using a reporter system consisting of a
human ~-globin promoter driving the neomycin
phosphotransferase gene (y-neo), we tested murine
LCR fragments extending from -21 to -9 kb (with
respect to the cy-globin gene cap site) for activity in
classical enhancer and integration site assays in K562
and MEL cells. 5’ HS-2 behaved as a powerful enhancer
and increased the number of productive integration
events (as measured by a colony assay) in both K562
and MEL cells. 5’ HS-3 had no activity in K562 cells or
in transiently transfected MEL cells, but was nearly as
active as 5’ HS-2 in the MEL cell colony assay. Two
additional tests confirmed the identification of murine
5’ HS-3: first, a DNA fragment containing 5' HS-3
confers copy number-dependent, integration-site
independent inducibility on a linked 3-globin gene in
the MEL cell environment. Secondly, a strong DNAsel
hypersensitive site maps to the location of the 5’ HS-3
functional core in chromatin derived from MEL cells.
Collectively, these data suggest that we have identified
the murine homologue of human 5’ HS-3, and that this
site is functional when integrated into the chromatin
of MEL cells but not K562 cells. 5' HS-3 may therefore
contain information that contributes to the
development-specific expression of the -like globin
genes.

INTRODUCTION

The human §-globin Locus Control Region is comprised of a
series of erythroid-specific, developmentally stable DNAse I
hypersensitive sites located 6 — 18 kb upstream from the human
B-like globin gene cluster (1—4). This region is required for

function of the linked 3-globin gene cluster, since a 30 kb deletion
that removes most of the LCR inactivates all of the 3-like globin
genes linked in cis (5), presumably by causing the chromatin
domain of the linked 3-like globin genes to ‘close’ in erythroid
cells (6).

The -globin LCR has many powerful functions in transgenic
mice and in tissue culture models of globin gene expression. The
LCR confers integration site-independent, copy number-
dependent expression on linked globin genes in transgenic mice
(7—15) and in erythroid tissue culture cells (8, 11, 12, 14,
16—18). The LCR confers inducibility on linked globin and TK
promoters in mouse erythroleukemia cells (8, 11, 14, 16—18),
and likewise confers hemin inducibility on many linked promoters
in K562 erythroleukemia cells (19 —24). Finally, the LCR seems
to increase the probability that chromatin integration events will
permit active expression of linked promoters, perhaps by isolating
them from negative regulatory influences that lie nearby (7 —15,
22, 24).

Many LCR properties are contained within the individual
DNAse I hypersensitive sites (HS) that collectively comprise the
LCR. For example, human 5’ HS-2 (located 10.9 kb upstream
from the e-globin gene cap site) activates linked globin genes
in transgenic mice (9, 10, 12—15), behaves as a transient
enhancer in K562 cells (19—26), confers inducibility on linked
globin genes in K562 and MEL cells (12, 17, 18—-24), and
increases productive integration events in K562 cell colony assays
(22, 24). Human 5’ HS-3 alone is also active in transgenic mice
(10, 11) and in assays where it is stably integrated into the
chromatin of MEL cells (11, 16, 18). However, this site does
not act as a transient enhancer in K562 cells (24, 25), and it is
inactive in K562 cell chromatin (20, 24). Fundamental differences
must therefore exist between the activities and functions of 5’
HS-2 and §' HS-3.

To further define the critical DNA sequences required for LCR
functions, we previously cloned mouse genomic sequences
homologous to human 5’ HS-2 (22), and we discovered that the
homologous sequences were located just upstream from the
mouse S-like globin gene cluster in a position very similar to
that of human 5’ HS-2. The DNA sequence of a functional HS-2
core was precisely conserved between the mouse and human
species. We also reported that murine and human 5’ HS-2 have
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identical functional properties in all K562 cell assays (22). At
the same time, Li e al. (27, 28) identified the goat 3-globin LCR
sequences: 5' HS-1, HS-2, and HS-3 were spatially organized
in the same way as the human LCR, and were each found to
contain conserved sequences corresponding to the functional cores
of each site.

To further explore the critical DNA sequences required for
the functions of 5’ HS-3, we decided to complete our sequence
analysis of a A clone that extended from 7 to 21 kb upstream
from the murine ey-globin gene. We found that this fragment
contains the murine homologue of 5’ HS-3; no region
corresponding to 5’ HS4 could be identified. In a series of assays,
we have shown that murine 5’ HS-3 appears to have all of the
same functional properties as human 5’ HS-3, and that a strong
DNAsel hypersensitive site maps to the functional core of murine
5’ HS-3 in MEL cells. Differences in the activity profiles of 5’
HS-3 in an embryonic-fetal erythroid cell line (K562) and in an
adult erythroid cell line (MEL) suggest that this sitc may be
involved in the developmental regulation of the 8-like globin
genes.

MATERIALS AND METHODS
DNA sequence analysis

The AmLAR clone (22) was obtained from a Stratagene N\ Fix
genomic library prepared from 3T3 cell DNA (these cells are
derived from a Swiss —Webster strain of Mus musculus); the
entire clone was sequenced from positions —21754 to —9155
with respect to the ey-globin gene cap site (29). Both strands were
sequenced with the dideoxy chain termination method using
Sequenase 2 (USB). Sequence analysis was performed with
MicrogenieR software (Beckman).

Tissue culture

K562 cells and MEL cells (a gift from Elliot Epner, William
Forrester, and Mark Groudine) were maintained in modified
IMEM containing 5% fetal calf serum (GIBCO), 5% Control
Process Serum Replacement-4 (Sigma Chemical Company, St.
Louis, MO), and 10 pg/ml gentimicin at 37°C in 5% CO, with
100% humidity.

Expression vectors and plasmid constructions

The y-neo expression vector contains the Ay-globin promoter
(positions —299 to +36) driving the gene for neomycin
phosphotransferase in a pUC9-based plasmid (30). The y-neo
transcription unit was isolated from this vector as a 2.7 kb BamHI
fragment.

The murine LCR 5'HS-2 EcoRI fragment (mLCR 1.1) extends
from positions — 10442 to —9287 with respect to the murine ey
gene transcription start site, and contains the region of homology
with human LCR 5'HS-2 (22; in our previous publication, the
coordinates of this fragment were incorrectly reported as
—10,509 to —9353). This fragment was subcloned into the EcoRI
site of pUC9. The y-neo/mLCR 1.1 (y-neo 9) plasmid was
generated by cleaving the pUC9/mLCR 1.1 plasmid with BamHI,
and inserting the y-neo transcription unit.

Fragments 1—8 (see Fig. 5) contain murine genomic sequences
located upstream from mLCR 1.1 in the original murine A mLCR
clone previously described (22). Fragments were isolated as
described below and were subcloned into appropriately digested
pUC9 vectors. The resulting plasmids were linearized with
BamHI and the y-neo transcription unit was inserted.

Fragment 1. This 2.3 kb BamHI fragment extending from
positions —21401 to —19121 was obtained directly from A mLCR
and subcloned into pUC9.

Fragment 2. X mLCR was cleaved with BamHI and a 508 bp
fragment (positions — 13149 to —12641) was isolated. This entire
fragment is part of an Llmd-2 repetitive element (29) that occurs
twice in the upstream region. The DNA sequence from —19121
to —18619 (Fragment 2*) is identical to this sequence except
for 13 single nucleotide changes.

Fragments 3—6. A 5.5 kb fragment was isolated from A mLCR
and subcloned into pUC9 cleaved with BamHI to generate the
plasmid p778. p778 was secondarily cleaved with HindIII which
released fragments 3 (positions — 18618 to —18085), 4 (positions
—18084 to —17600), and 5 (positions —17599 to —15561).
Fragment 6 (positions —15560 to —13149) remained attached
to pUCY; this fragment was gel purified and religated to itself.

Fragment 7. Plasmid 650 contains a ~ 5.6 kb BamHI/Sall murine
genomic fragment (3’ end at ~ —7.5 kb with respect to ey)
isolated from the original A mLCR clone. Plasmid 650 was
cleaved with BamHI and Pvull and a 1.1 kb fragment extending
from positions —12640 to —11565 was isolated.

Fragment 8. Plasmid 650 was cleaved with Pvull and EcoRI and
the fragment extending from positions —11564 to —10443 was
isolated.

The human 3-globin gene reporter construct contains a 4.4 kb
Pstl fragment that includes the human (3-globin gene (with 2.2
kb of 5’ flanking sequence and 0.5 kb of 3’ flanking sequence)
inserted into the pUC9 Pstl site. The murine HS-3/human 3-
globin construct also contains a 2.0 kb HindIIl fragment
(extending from positions —17600 to —15561 upstream from
the ey-globin cap site) oriented upstream and tandem to the human
B-globin gene. Constructs were linearized at a Sall site
downstream from the (3-globin gene prior to transfection.

Transient transfection of K562 and MEL cells

K562 cells were transiently transfected exactly as described, with
electroporation parameters of 800 uF and 250 volts (22, 30).
MEL cells were transiently transfected using the same protocol,
but at 165 volts and 600 uF.

K562 and MEL cell colony assays

The K562 cell colony assay was performed by plating transfected
K562 cells in complete media containing 1 mg/ml G418 and 0.3 %
BactoAgar (Difco 0140—01) exactly as previously described (22).
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Figure 1. Map of the human and mouse 3-globin clusters and Locus Control
Regions. The functional human or mouse globin genes are shown as black boxes.
Open boxes denote pseudogenes. The locations of the DNAse I hypersensitive
sites that comprise the human and mouse (3-globin Locus Control Regions are
shown (5’ HS-1 through 5 and 5’ HS-1 through 3, respectively).



The MEL cell colony assay was performed by electroporating
approximately 7.5x 105 MEL cells (in late log phase growth)
with 10 pug of y-neo DNA (or a molar equivalent of test
constructions) at 120 V and 600 uF. Transfected cells were
transferred to 5 ml of complete media for 16 hours at 37°C in
5% CO, and 100% humidity. 1.5 ml of cells were then diluted
1:10 with complete media containing 1 mg/ml G418. 100 ul of
diluted cells were transferred to each well of a 96 well plate.
Individual colonies were counted after 14 days. Plating densities
were adjusted so that no more than 40—50% of the wells
contained colonies using the y-neo/mLCR 9 (HS-2) construct.

Stable transfection of MEL cells with human B-globin
reporter constructs

MEL cells were stably cotransfected with a reporter construct
and RSV-neo by electroporation (120 V, 600 uF) as described
(30). Individual clones surviving in complete media containing
1 mg/ml G418 were isolated and expanded.

The presence of the human (-globin test gene was established
by Southern blot analysis. DNA was prepared from individual
clones, digested to completion with BamHI, electrophoresed on
1% agarose gels, and transferred to Genescreen Plus as described
(31). Blots were hybridized consecutively with a 1.9 kb BamHI
fragment derived from the 5’ end of human S-globin gene,
followed by a 1.7 kb EcoRI —BamHI fragment from the 5’ end
of mouse B-major globin gene. Human B-globin gene copy
number was determined by densitometry and normalized to the
mouse ($-major globin gene signal.

S1 nuclease protection assays

RNA preparation, probe preparation, hybridizations, and Sl
digestions were performed exactly as previously described (30).

Chromatin structure

DNA was prepared as described (32) with the following
exceptions: nuclei from approximately 108 MEL cells were
prepared by suspending cells in 4 ml RSB (10 mM Tris 7.4, 10
mM NaCl, 3 mM MgCl,); 1 ml of 0.5% NP-40/RSB was then
slowly added to lyse the cells. Nuclei were harvested by
centrifugation for 10 min at S00XG, and were treated with
DNAsel as previously described (32). DNAsel-treated DNA
preparations were digested to completion with EcoRI,
electrophoresed on 1% agarose gels and transferred to
Genescreen Plus (New England Nuclear). Blots were hybridized
with 107 cpm of a random primer 32P-labeled, 359 bp mouse
LCR probe (an SspI—Bglll fragment corresponding to bp
—14239 to —13880). Blots were washed twice at 23° in 2 X SSC
(1XSSC = 0.15 M NaCl/0.015 M sodium citrate, pH 7.0), twice
at 60° in 2xXSSC/1.0% SDS, and twice at 23° in 0.1 XSSC. Blots
were autoradiographed at —70°C for 3 days.

RESULTS
DNA sequence analysis of the A\ mLCR clone

We previously obtained a A clone from a murine genomic DNA
library using a probe derived from human 5’ HS-2 (22). Using
restriction analyses, we determined that the ~ 14 kb insert
extended from ~ —7 kb to ~ —21 kb upstream from the ey-
globin gene transcription initiation site. Initial DNA sequence
analysis revealed that this clone contained the murine homologue
of 5’ HS-2, as previously reported (22). The relationship of the
upstream sequences to the mouse (-globin cluster and a
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comparison to the human §3-like globin gene cluster are shown
in Figure 1.

To identify the murine homologues of LCR 5’ HS-3 and HS+4,
we decided to sequence the entire A mLCR clone. Since human
5’ HS-3 is located approximately 14.7 kb upstream from the
human e-globin gene, and since 5’ HS-4 is approximately 18.0
kb upstream, we felt that it was quite likely that both homologous
sites would be present on our clone. However, the DNA sequence
analysis shown in dot matrix form (Figure 2) suggests that only
5" HS-3 is present.

The murine homologue of 5’ HS-3 is located approximately
16.0 kb upstream from the ey-globin gene. The region of
homology with the functional human core extends from bp 5678
to 5870, corresponding to positions —16077 to — 15885 upstream
from the ey-globin gene cap site. Since murine 5’ HS2 is located
at approximately 9.7 kb upstream from the ey gene, the spacing
between these two sites is approximately 6.3 kb, a distance that
is substantially greater than the 3.8 kb that separates human 5’
HS-3 (—14.7 kb) and 5’ HS-2 (—10.9 kb) (1—3). The distance
between human 5’ HS-3 and HS4 (—18 kb) is 3.3 kb. Since
our DNA sequence extends approximately 5.7 kb upstream from
5’ HS-3, and since no region with strong homology to human
5' HS4 exists in our sequence, the distance between murine 5’
HS-3 and 4 must be considerably greater in the mouse than in
humans.

The murine LCR region was found to contain a large number
of repetitive elements that may contribute to differences in the
spacing between the mouse and human homologues of the LCR.
For example, an L1 repeat extends from position ~2000 to
position ~3680, and a second L1 repeat extends between
positions 8050 to 9750. While screening for probes to be used
in Southern analyses of the LCR, many more highly repetitive
areas were discovered. Three DNA probes derived from the
region between —21401 and —19853 were repetitive, as were
probes derived from the region between 18085 to —16286,
—15217 to —14702, —14474 to —13880, and —11314 to
—10917. A total of nine different probes derived from these
various regions were moderately to highly repetitive in the mouse
genome.

The dot matrix analysis shown in Figure 2 identifies the
positions of the functional cores of the human 5’ hypersensitive
sites. Although the functional cores are highly conserved between
mouse and human, additional regions of DNA homology outside
of these cores are also conserved. However, the regions within
and nearest to the functional cores of the major hypersensitive
sites are most conserved regions within this large stretch of DNA.

To further assess the conservation of critical DNA sequences
within 5’ HS-3, we compared the DNA sequences of the human,
mouse, and goat in a ‘phylogenetic footprinting” analysis (33)
(Figure 3). The functional core of human 5’ HS-3 defined by
Philipsen et al. (11) is enclosed by brackets. Within this region,
five motifs are precisely conserved among the human, mouse,
and goat species. Each of these motifs lies within a region that
was footprinted in vitro by extracts derived from MEL cells (11);
the footprinted sites are designated FP-1 through FP-6. Four of
the conserved sites are GATA-1 sites, and one is a CACC/GT
motif, a putative binding site for SP-1 or TEF2. Six potential
CACC/GT motifs are present in the human HS-3 core, but only
one (at position 5843) is conserved in both the mouse and the
goat. Of note, an AP-1/NF-E2 consensus motif that lies just
upstream from the functional core is highly conserved among
all three species.
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5’ HS-3 is active when integrated into the chromatin of MEL
cells but not K562 cells

Since regions outside of the functional cores of 5’ HS-2 and 5’
HS-3 are also conserved between mouse and human, we decided
to systematically test all of the DNA from position —21401 to
position —9287 in functional assays (Figure 4). A series of nine
DNA fragments obtained from this region were isolated and
subcloned into pUC9; a 2.7kb BamHI fragment containing the
y-neo transcription unit was inserted into each plasmid. The ~-
neo transcription unit is in a variety of positions and orientations
with respect to each test fragment, but 5’ HS-2 has been shown
to function in all orientations and positions in transient and stable
assays performed in K562 cells (22, 24). Each of these plasmids
was transfected into K562 (embryonic/fetal erythroid) or MEL
(adult erythroid) cells, and colony assays were performed. The
number of G418-resistant clones per 10° transfected cells per
microgram of transfected y-neo DNA is summarized in Table 1.
We had previously shown that human and mouse 5’ HS-2 increase
the number of G418 resistant clones obtained with the ~y-neo
expression plasmid by 50—100 fold (22, 24). Since the amount
of y-neo mRNA obtained from pools of clones with or without
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5’ HS-2 is identical (22, 24), we have suggested that 5’ HS-2 acts
to increase the probability that each integration event is ‘produc-
tive’. As shown in Table 1, none of the DNA fragments except
#9, containing 5’ HS-2, substantially alters the number of colonies
obtained with y-neo in K562 cells. Fragment 5, which contains
5’ HS-3, did not alter the number of colonies obtained. This data
is consistent with previous experiments demonstrating that human
5’ HS-3 has no activity in the K562 cell colony assay (24).
When the same set of plasmids were used in colony assay
experiments in mouse erythroleukemia cells, plasmids containing
either 5’ HS-2 or 5’ HS-3 demonstrated substantial colony assay
activity over y-neo alone (Table 1). No other LCR fragments
demonstrated significant colony assay activity. The colony assay
effect with 5’ HS-3 is similar but slightly less than that of 5’ HS-2;
nonetheless, the effect is significant, and highly reproducible.

5’ HS-3 is inactive in transient enhancer assays in both K562
and MEL cells

The same plasmids used in the colony assay described above were
next used to perform transient transfection assays in both K562
and MEL cells. As shown in Figure5, 5’ HS-2 significantly
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Figure 2. Dot matrix analysis of the region upstream from the human and mouse 3-globin gene clusters. The analysis was performed with MicrogenieR software.
Each dot represents a position where there is 70% identity over a stretch of 20 bp. The locations of the functional cores and DNAse I hypersensiti ve sites corresponding
to human 5’ HS-3, HS-2, and HS-1 are shown. On the X-axis, the location of the murine ey-globin gene cap site is 21755. The location of the human e-globin
gene cap site (on the Y axis) is 19504. The EMBL accession number for the upstream mouse LCR sequence is Z13985.
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Figure 3. Sequences comprising the functional core of 5’ HS-3 from the human
(second line), mouse (third line), and goat (fourth line) are shown. The top line
of each grouping is a consensus sequence from the three species, comprising a
‘phylogenetic footprint’ (33). All regions conserved among all three species that
are 5 bp or greater in length are underlined. The location of the human 5’ HS-3
functional core, as defined by Philipsen et al. (11), is bracketed. The locations
of in vitro footprints from this region, as described by Philipsen et al. (11), are
indicated below the sequence and designated FP-1 through FP-6. The locations
of consensus sequences for transcription factors that bind to AP-1, GATA-1, and
CACC/GT (GGTGG) sequences are indicated.
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enhances the abundance of correctly initiated y-neo mRNA
obtained from transiently transfected K562 cells (panel A,
compare lanes 1 and 2). However, 5’ HS-3 has little or no activity
in the same assay (panel A, lane 3). None of the other y-neo
test plasmids containing other regions of the mLCR enhanced
v-neo expression in K562 cells (data not shown).

The same transient transfection experiment was also performed
in mouse erythroleukemia cells. Several different MEL cell lines
were tested for their ability to be transiently transfected, but only
one, a line maintained by William Forrester, Elliot Epner and
Mark Groudine, was reproducibly transfectable by
electroporation. The optimal electroporation conditions for
transient transfections are listed in the Materials and Methods
section. Again, 5’ HS-2 substantially increased the level of -
neo mRNA in transiently transfected MEL cells (Figure S, panel
B; compare lanes 1 and 2), but 5’ HS-3 (lane 3) had little or
no activity.

5’ HS-3 confers integration site-independent inducibility on
a linked human S-globin gene in MEL cells

Previous studies have shown that human 5’ HS-2, 3, or 4, when
linked in cis with a human (-globin gene, each confers copy
number-dependent, integration site-independent, inducible
expression on linked human [-globin genes in mouse
erythroleukemia cells (8, 11, 12, 14, 17, 18). To determine
whether murine 5’ HS-3 has the same activity, we stably co-
transfected MEL cells with RSV-neo and a human -globin gene
with or without a DNA fragment containing murine 5’ HS-3,
and selected clones based on the presence of the human 3-globin
gene. As shown in Figure 6, we isolated four independent clones
containing the human (3-globin gene alone. In all of these clones,
the mouse B-major globin gene was inducible with DMSO
(bottom panel). In clones # 1 and 6, constitutive levels of human
B-globin mRNA were present, but these levels were not increased
with successful DMSO inductions. Clones #3 and 7 exhibited
no expression of the B-globin gene with or without DMSO.
We isolated five independent clones with the human S-globin
gene linked to murine 5’ HS-3. Clones 1 and 3 had relatively
high copy numbers of the human $-globin gene, but 7, 8, and
9 were all low copy number clones. All of the clones exhibited
inducible expression of the mouse $-major globin gene. In the
high copy number clones (1 and 3) substantial amounts of human
B-globin mRNA were present in uninduced cells. In all five
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Figure 4. Map of DNA fragments used to test murine LCR functions. The DNA region contained within the A mLCR clone is shown on the top line. The coordinates
of various restriction sites, with respect to the ey-globin gene cap site, are shown. The sites shown are selected and do not represent all the known sites for each
enzyme. B = BamHI, H = HindIIl, P = Pwvull, and E = EcoRI. On the lower line, the DNA fragments used for the functional analyses are shown. The region
designated ‘2’ is part of an L1 repeat and is nearly identical between positions —19121 to —18619 and positions —13149 and —12641. The actual fragment used
was derived from the downstream BamHI fragment (—13149 to —12641); the upstream fragment was not specifically subcloned and tested, so it is designated 2*’.
The locations of the conserved cores of 5' HS-3 and 5’ HS-2 are shown as open boxes. The numbering system of this figure is based on the location of the cap
site of the ey-globin gene, as reported by Shechee er al. (29); our previously reported coordinates for the location of 5’ HS-2 (22) were slightly displaced due to
an editorial error.
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Table I. KS62/MEL cell colony assays

# colonies per
10° transfected cells
per ug transfected y-neo DNA

(mean + SD)
Test vector K562 N MEL N
None <l 6 <l 4
y-neo 4 +2 6 22 + 16 5
y-neo/mLCR 1 3+ 1 4 31 + 49 3
vy-neo/mLCR 2 312 4 21 + 16 3
y-neo/mLCR 3 3+ 1 2 21 = 8 3
vy-neo/mLCR 4 4 +£2 2 41 + 37 6
y-neo/mLCR 5 (HS-3) 2 £2 2 189 £+ 8 6
y-neo/mLCR 6 2 2 4 60 3
y-neo/mLCR 7 3+ 1 4 48 + 26 3
vy-neo/mLCR 8 4 £2 4 33 + 28 3
v-neo/mLCK 9 (HS-2) 508 + 180 5 252 + 150 5

For each experiment, ~7.5x 10% K562 or MEL cells in late log phase growth
were electroporated with 10 ug of the supercoiled pUC9-based y-neo plasmid
or an equimolar amount of LCR containing plasmids. Transfection and plating
conditions are described in Materials and Methods. Numbers refer to the mLCR
fragments shown in Figure 4. N = number of independent experiments.

5-3)

7-Neo
Y-Neo 9(HS-2)
Y-Neo S (HS

e

MEL

Figure 5. Transient transfection analysis of murine LCR fragments in K562 and
MEL cells. Murine LCR fragments 9 and 5 (5" HS-2 and 5" HS-3, respectively)
were linked with a y-neo reporter construct and transiently transfected into K562
or MEL cells, as described in Materials and Methods. RNA was harvested from
the cells 16 hours after transfection, and was hybridized simultaneously with a
5’ end-labeled y-neo probe and a 5’ end-labeled probe that detects correctly spliced
y-globin mRNA (for K562 cells) or mouse $-major globin mRNA (for MEL
cells). SI nuclease protection assays were then performed. The positions of
correctly initiated y-neo mRNA, RSV-neo mRNA (transfection control), and
endogenous +y-globin exon 2 (K562, panel A; a control for RNA quality and
content) or mouse 3-major globin mMRNA (MEL, panel B) are designated at the
right side of the figure. Note that the y-neo signal in lanes 2 (y-neo 9, with 5’
HS-2) is markedly enhanced over y-neo alone (lanes 1). 5’ HS-3 does not
significantly alter expression of the y-neo reporter plasmid (lanes 3). None of
the other mouse LCR fragments had enhancer activity in either cell line (data
not shown).

clones, the human 3-globin gene appeared to be inducible with
DMSO treatment. Murine 5’ HS-3 therefore appears to function
the same as human 5’ HS-3 when integrated into in MEL cell
chromatin.
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Figure 6. Analysis of human g3-globin gene expression in MEL cell clones. pUC9
based plasmids containing the human 3-globin gene without (HG) or with murine
5" HS-3 (h3 + 5’ HS-3) were stably co-transfected into MEL cells with RSV-
neo. G418 resistant clones containing the human 3-globin gene were identified
by Southern blot analysis. These clones were then expanded, and treated for five
days with 1.0% DMSO. Ten micrograms of RNA derived from uninduced (—)
or induced (+) MEL cells was hybridized with a probe that detects RSV-neo
mRNA and a second probe end-labeled at the BamHI site located in exon 2 of
the human §-globin gene. The locations of probe bands protected by RSV-neo
mRNA, and of correctly spliced human 8 exon 2 mRNA, are shown on the right.
In a separate analysis, 2 mg of mRNA from the same cell lines was hybridized
with a probe 5’ end-labeled at the BamHI site in mouse 3-major globin exon
2, which detects correctly spliced mouse 3-major globin mRNA (bottom panel).
The DNA copy number of the human $-globin gene in each clone is indicated
at the bottom of the figure. In four clones containing the human 3-globin gene
alone (#1, 3, 6, and 7), there is no consistent relationship between copy number
and constitutive expression of human 3-globin mRNA. The human 3-globin gene
is not inducible in any clone. In contrast, all clones containing the human 3-globin
gene linked with 5 HS-3 exhibit inducible expression of the human (-globin gene.
In two high copy number clones (#1 and 3), the constitutive level of human
(-globin mRNA is markedly elevated. Both clones exhibit inducible expression
of the human 3-globin gene; a separate analysis revealed that the level of induction
was similar to that of the mouse 3-globin gene when less mMRNA was used (data
not shown). The human 3-globin probe must therefore be saturated in the induced
lanes from clones # 1 and 3. Note that 5’ HS-3 does not confer DMSO inducibility
on RSV-neo.

MEL cell chromatin contains a DNAse I hypersensitive site
at the conserved region of 5’ HS-3

We obtained nuclei from uninduced MEL cells, treated them with
increasing concentrations of DNAse I, purified DNA, digested
it to completion with EcoRlI, and performed Southern blot analysis
with a unique probe lying just downstream from HS-3. The results
of this analysis, depicted in Figure 7, reveal a strong DNAsel
hypersensitive site that maps to the conserved core of 5’ HS-3.

DISCUSSION

By sequencing a genomic A clone extending 7 to 21 kb upstream
from the mouse S-like globin gene cluster, we have identified
conserved sequences that correspond to the functional cores of
mouse Locus Control Regions 5’ HS-2 and HS-3. The upstream
region contains a large amount of repetitive DNA, but the spatial
organization of the hypersensitive sites is conserved among the
human, goat, and mouse species. In a series of functional assays,
we have shown that murine 5’ HS-3 actively influences linked
promoters when it is integrated into the chromatin of MEL cells,
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Figure 7. DNAse I hypersensitivity analysis of MEL cell chromatin. Nuclei from
uninduced MEL cells were prepared and treated with increasing amounts of DNAse
I. DNA was purified, cleaved to completion with EcoRlI, electrophoresed on a
1% agarose gel, and transferred to Genescreen Plus. The blot was hybridized
with a 359 bp Sspl— BgllII probe; the BglII site that defines the 3’ end of the
probe is located 452 bp upstream from the 3’ end of the EcoRI fragment. The
diagram at the bottom of the figure shows the position of key restriction sites
(E = EcoRl, S = Sspl, and B = Bglll), and the position of the functional core
of 5’ HS-3. The location of the parental 6.0 kb EcoRI band is shown, and the
position of the DNAsel dependent subband in indicated. The DNAsel
hypersensitive site maps to the functional core of 5’ HS-3.

but it is not a transient enhancer in MEL cells; HS-3 does not
have any measurable activity in K562 cells. Finally, we have
shown that the DNA sequences that comprise the core of murine
5’ HS-3 are also DNAse I hypersensitive in MEL cell chromatin.
Collectively, these data suggest that we have identified the
functional murine homologue of 5’ HS-3.

DNA sequence analysis of 3-globin LCR regions has revealed
that the spatial organization of 5’ HS-1, 2, and 3 is conserved
among the human (1 —3), mouse (24, 29, and this report), goat
(27, 28), and rabbit (R. Hardison, personal communication).
However, differences in the spacing of the three sites exist among
the three species. Most of these spacing differences are due to
the presence of a large number of repetitive sequences within
each of the loci. In the human, these repetitive sequences are
predominantly of the Alu type (34). In the goat, the repeats are
of the D and NLA types (27, 28); in the mouse, L1 repeats flank
each of the 5’ hypersensitive sites. The spacing between human
5' HS-2 and HS-3 (3.8 kb) is substantially less than the distance
between the mouse 5’ HS-2 and HS-3 (6.3 kb). Similarly, if the
mouse does have a functional 5’ HS-4, it is substantially further
upstream from 5’ HS-3 than its human counterpart: in the human,
5’ HS-4 lies 3.3 kb upstream from 5’ HS-3. However, we have
sequenced 5.7 kb upstream from murine 5’ HS-3, and have not
yet encountered the murine homologue of this site. Since human
5' HS-4 does function in the murine erythroid environment (10,
17, 18), we suspect that this site is most likely displaced further
upstream.

Nucleic Acids Research, Vol. 20, No. 21 5777

The conservation of critical DNA sequences within the 5’ HS-3
core is remarkable and similar in extent to the conservation found
in 5' HS-2 (22, 27). An AP-1/NF-E2 site, four GATA-1 motifs,
and one CACC/GT motif are all highly conserved among all three
species (Figure 4). Philipsen er al. (11) defined a 225 bp core
fragment of 5’ HS-3 that conferred copy number-dependent,
integration site-independent expression of linked human 3-globin
genes in transgenic mice. Using extracts derived from the nuclei
of MEL cells, they demonstrated extensive DNAsel footprints
of the 5’ HS-3 region in vitro. These footprints, designated FP-1
through FP-6 (see Figure 4), suggested the presence of four
GATA-1 binding sites and three sites containing the motif
CACC/GT (a binding site for SP1 and/or the CACC box binding
protein, TEF2). More recently, Strauss and Orkin (35) have
performed in vivo DNAse footprinting studies of the human 5’
HS-3 region as it exists on human chromosome 11 in the MEL
cell environment (HU11), the K562 environment, and a non-
erythroid environment (HepG2 cells). Their studies revealed that
the HS-3 region was not footprinted in HepG2 nor in K562 cells;
Ikuta and Kan (36) similarly showed that 5' HS-3 was not
footprinted in vivo in K562 cells. In contrast, the 5’ HS-3 region
displayed limited in vivo footprints in HU11 cells, and the
footprints became more complex upon DMSO induction. All four
consensus GATA motifs were footprinted in uninduced and
induced HUI11 cells. Although six CACC/GT motifs were
footprinted in vitro, only two of these elements were contacted
in HU11 cells in vivo. Of these two sites, one is absolutely
conserved among humans, mice, and goats, but the other is
unique to the human 5’ HS-3. Finally, our sequence analysis has
demonstrated a conserved AP-1/NF-E2 binding site just upstream
from the functional core defined by Philipsen et al. (11). Strauss
and Orkin (35) demonstrated that this site was in vivo footprinted
in HUI11 cells, and that DMSO induction caused additional
contacts to appear. Again, this AP-1/NF-E2 site was not
footprinted in HepG2 cells. Collectively, these data suggest that
essentially all of the 5’ HS-3 motifs that are absolutely conserved
in sequence and position among human, mice, and goats are
engaged by proteins in vivo. The techniques of phylogenetic
footprinting (33) and in vivo DNAse I footprinting are therefore
at least somewhat complementary, and may be useful for
identifying critical DNA sequence elements for functional
mutagenesis studies.

Even though murine 5’ HS-3 exhibits powerful influences on
linked promoters when stably integrated into the chromatin of
MEL cells, this site has no detectable activity when transiently
transfected into MEL or K562 cells; these data suggest that 5’
HS-3 is not a classical enhancer. Furthermore, although 5’ HS-3
is active in the chromatin of MEL cells, it exhibits no activity
in the chromatin of K562 cells (20, 24). These functional
observations are supported by the studies of Dhar et al. (37) and
of Strauss and Orkin (35), who demonstrated that the organization
of chromatin in the 5’ HS-3 region is quite different in K562
vs. MEL cells. Collectively, these data suggest that the activity
of 5 HS-3 may be influenced by the type of erythroid
environment present in the test cell. Additional experiments will
be required to determine whether 5’ HS-3 does in fact play a
role in the developmental regulation of the 3-like globin genes.

The identification of the functional murine homologue of 5’
HS-3 has provided us with reagents that will be useful for further
delineation of the mechanisms by which the LCR functions. Using
mouse tissues and developing murine hematopoietic cells, we will
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be able to define the events that lead to chromatin reorganization
in the murine LCR region during hematopoietic and/or erythroid
development. Furthermore, the identification of murine 5’ HS-2
and 3 will allow us to perform targeted disruption studies of these
sites in embryonic stem cells and in MEL cells (38). These studies
should allow us to begin to determine the relative contributions
of 5’ HS-2 and HS-3 to the overall organization of the chromatin
structure of the 5-like globin genes during erythroid development.
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