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The major distal regulatory sequence for the (3-globin gene locus, the locus control region (LCR), is
composed of multiple hypersensitive sites (HSs). Different models for LCR function postulate that the HSs act
either independently or synergistically. To test these possibilities, we have constructed a series of expression
cassettes in which the gene encoding the enhanced green fluorescent protein (EGFP) is under the control of
DNA fragments containing single and multiple HSs of the LCR. LCR DNA fragments containing only the
minimal region needed for position-independent expression (HS cores) or containing cores plus flanking
sequences (HS units) were compared to ascertain whether conserved sequences between the HS cores con-
tributed to enhancement. Expression of these constructs was measured after targeted integration into three
defined loci in murine erythroleukemia cells using recombinase-mediated cassette exchange. At all three
marked loci, synergistic enhancement of expression was observed in cassettes containing a combination of HS2,
HS3, and HS4 units. In contrast, HS2, HS3, and HS4 cores (without flanking sequences) give an activity
equivalent to the sum of the activities of the individual HS cores. These data suggest a model in which an HS
core plus flanking regions, bound by specific proteins, forms a structure needed for interaction with other HS
units to confer strong enhancement by the LCR. The three targeted integration sites differ substantially in their
permissivity for expression, but even the largest LCR construct tested could not overcome these position effects

to confer equal expression at all three sites.

Genes in the B-globin gene complex (HBBC, containing
HBEI1, HBG2, HBG1, HBD, and HBB), together with those in
the a-globin gene complex (HBZ2, HBA2, and HBAI) encode
the developmentally regulated, erythroid-specific family of he-
moglobins in vertebrates. Transcription of the mammalian
HBBC is regulated both by proximal elements, such as pro-
moters, and by a distal regulatory element known as the locus
control region (LCR). The LCR is marked by several hyper-
sensitive sites (HSs) in erythroid chromatin (18, 45) and is
required for high-level expression of genes within the HBBC in
erythroid cells (reviewed in references 6 and 19). Transfection
and transgenic mouse studies show that the LCR confers this
high-level expression at many, but perhaps not all, ectopic sites
of integration (1, 21, 31). Gain-of-function experiments exam-
ining multiple integrated copies of LCR constructs revealed
expression that is copy number dependent and independent of
the site of integration (e.g., see references 43 and 44), suggest-
ing that the LCR contains a dominant chromatin-opening ac-
tivity. However, deletion of HS1 to HS6 from the LCR of
mouse Hbbc (3, 12), as well as deletion of HS2 to HS5 from the
LCR of human HBBC on chromosome 11 (37), leaves the
globin genes in an open chromatin domain, albeit expressed at
very low to undetectable levels. Thus, the LCR is clearly re-
quired for enhancement but it is not necessary for chromatin
domain opening at the normal chromosomal position.

The core of each HS can be defined as the minimal DNA
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fragment capable of conferring high-level expression on a
linked globin gene in transgenic mice; these cores tend to be
200- to 400-bp fragments (e.g., see references 35 and 44).
Numerous studies have examined the roles of individual HSs in
various expression assays (reviewed in references 20 and 22).
HS2 contains a strong enhancer that functions both in tran-
sient assays and in stably transfected cells. HS3 can also en-
hance expression of globin genes, with its major function seen
after integration. HS4 does not enhance by itself but can con-
tribute increased expression in combination with other HSs
(11). HS1 appears to be dispensable, since a naturally occur-
ring deletion encompassing it does not affect B-globin gene
expression (28). HSS is absent from rabbits (7), and no phe-
notype was observed when HS5 and HS6 were deleted from
mouse Hbbc (2). Thus, the bulk of the known function for the
LCR maps to the region encompassing HS2, HS3, and HS4.
Despite the substantial effects of HS2 and HS3 in gain-of-
function assays, only a small decrease in globin gene expression
was observed when HS2 or HS3 (in each case including some
flanking DNA) was deleted from the endogenous mouse Hbbc
locus (16, 23) or from a YAC with 150 kb encompassing the
HBBC in transgenic mice (34). This could be explained by one
or more of the remaining HSs substituting for the function of
the deleted HS. This, in turn, implies that the remaining HSs
function independently of the deleted HS and enhance at a
level almost comparable to that of the intact LCR. A distinctly
different phenotype was seen when only the HS cores were
deleted from the HBBC carried in large YACs in transgenic
mice. Deletion of the cores of HS2, HS3, or HS4 (with no
flanking DNA) caused a dramatic reduction in the expression
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FIG. 1. Maps of the human LCR fragments and EGFP expression cassettes used in this study. The top line shows the HBB complex, and the
next line shows the positions of the HS2, HS3, and HS4 cores, using the coordinates in GenBank locus HUMHBB (accession number U01317).
The next eight lines show the segments of the LCR inserted into the expression cassette, which is diagrammed on the last line. It contains the HBB
promoter linked to an EGFP reporter gene, preceded by multiple cloning sites (MCS) and flanked by Lox1 and 1Lox. The names of the cassettes

are on the left, and the sizes of the LCR inserts are on the right.

of all of the B-like globin genes (8, 9, 32). In these constructs,
the remaining HSs of the LCR were unable to form a strong
enhancer (despite the fact that the DNase hypersensitivity was
retained in several cases), implying that the various HSs have
to act together, synergistically, in an LCR holocomplex to
enhance globin gene expression (8). Analysis of an extensive
set of single-HS deletions in transgenic mice containing the
HBBC shows that deletion of any HS makes the transgenic
locus susceptible to two different kinds of chromosomal posi-
tion effects (31), also arguing that the components of the LCR
form an interactive holocomplex (47).

Direct evidence for synergistic interactions has been ob-

tained in a few studies. Combinations of three HSs were
needed for expression of HBB beyond that obtained with a
single HS in transfected murine erythroleukemia (MEL) cells
(11). Synergism between HS2 and HS3 was observed for en-
hanced expression of a rabbit HBE-luciferase reporter gene in
stably transfected K562 cells (25, 26). Synergism among HS2,
HS3, and HS4 was inferred for long-range activation of an
HBG] reporter gene in stably transfected K562 cells (5). In
each of these cases, the LCR constructs contained both the HS
cores and flanking DNA, and Jackson et al. (25) showed that
the flanking DNA was needed, since only additive increases
were observed when combinations of HS cores were used.
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TABLE 1. LCR constructs tested in transfected cells

Size of s
Coﬁsllict Si;l;ozilb) Restriction enzyme sites HS(s) in construct fra(%{ng)ent ;%ll\t/ll(gll;g
432 pTR 9.22 EcoRI-Bglll HS4, HS3, HS2 9.22 1-9218
432 mLAR 3.55 Sacl-Sacl HS4 1.25 951-2199
Sacl-Pyull HS3 0.85 4274-5122
Kpnl-Stul HS2 1.42 7764-9186
432 _cores 1.00 Sacl-Aval HS4 0.29 951-1239
Oligonucleotide-Fru4HI HS3 0.27 4509-4775
HindIlI-SnaBI HS2 0.42 8486-8909
HS2_core 0.37 HindIlI-Xbal HS2 0.37 8486-8860
HS2_unit 1.46 Kpnl-Bglll HS2 1.46 7764-9218
HS3_core 0.23 Hphl-Fnud4HI HS3 0.23 4550-4775
HS3_unit 1.91 HindIII-HindIII HS3 1.91 3266-5172
HS4 _core 0.29 Sacl-Aval HS4 0.29 951-1239

Further evidence for the importance of sequences between
(or flanking) the HS cores comes from analysis of interspecies
sequence alignments, which reveal many conserved blocks
both within and between HS cores (22). In a direct test, larger
DNA fragments containing single HSs plus flanking DNA
showed significantly stronger enhancement of an HBE-lucif-
erase reporter after stable integration into K562 cells (26) than
did the cores alone. Indeed, earlier studies had mapped addi-
tional functions outside the core of HS2 (10, 29, 44). We refer
to a DNA fragment containing the HS core plus flanking DNA
as an “HS unit” (25).

A complication in interpreting the results of the above-
described studies with transgenic mice and stably transfected
cells is the effect of the integration site on expression. For
instance, a set of clones containing the same DNA construct
but with a different number of copies at different integration
sites shows a range of expression levels, even after correction
for copy number (e.g., see references 25 and 26). Although
significant differences were observed between constructs, one
cannot rule out some contribution from position effects, even
when examining pools of clones. Moreover, lines of transgenic
mice carrying one or two copies of 150-kb YACs or large BACs
encompassing the HBBC (with an intact LCR) are subject to
position effects (1, 36). Thus, interpretation of studies compar-
ing different LCR mutations within the context of a large
region containing the HBBC in transgenic mice is still compli-
cated by the influence of particular integration sites.

Therefore, techniques have been developed that target in-
tegration of a single copy of a test construct to specified chro-
mosomal locations (4, 33, 40, 41). These techniques allow ex-
pression of a series of test constructs to be compared at the
same site. The integrated constructs are subject to exactly the
same effects of flanking DNA, and complications arising from
site-to-site variation in position effects are eliminated. At the
same time, only single copies of the integrant are obtained,
thus removing copy number as a variable in the experiment. In
this study, we used the technique of recombinase-mediated

cassette exchange, or RMCE (4, 15), to compare the effects of
LCR HS cores and HS units, singly and in combination, on
expression of an HBB-enhanced green fluorescent protein
(EGFP) reporter integrated into MEL cells. The constructs
were examined at three different chromosomal locations, RL4,
RLS, and RLS6, in both orientations (14). We found that HS2,
HS3, and HS4 units (but not cores) can interact to produce a
level of enhancement beyond the sum of the effects observed
with the individual HS cores. Thus, DNA fragments containing
the cores plus flanking DNA are needed for synergism among
the HSs of the LCR. Despite this synergistic activation, even
large DNA fragments containing all of the major functional
sequences in the LCR cannot overcome the position and ori-
entation effects seen at these integration sites.

MATERIALS AND METHODS

Plasmids for RMCE. The expression plasmid L1-B-EGFP-1L, into which all of
the LCR fragments were inserted, was described by Feng et al. (15). Briefly, the
promoter of the human B-globin gene (HBB), on a DNA fragment extending
from —374 to +44 relative to the cap site, replaced the cytomegalovirus (CMV)
promoter in plasmid pEGFP-N1 (Clontech, Palo Alto, Calif.), and inverted Lox
sites L1 (Lox1) and 1L (1Lox) were placed at the 5’ and 3" ends of the cassettes,
respectively (15). An oligonucleotide containing restriction endonuclease cleav-
age sites designed for insertion of LCR DNA fragments (MCS in Fig. 1) was
added 5’ to the HBB promoter, and a series of DNA fragments from the B-globin
LCR were inserted (Fig. 1). The restriction endonucleases used and the positions
of the DNA fragments containing HSs are listed in Table 1. Plasmid L1-
HS432_pTR-1L contains a 9.2-kb LCR segment encompassing HS2, HS3, and
HS4 obtained from pTR68 (38). Plasmid L1-HS432_mLAR-1L contains linked
DNA fragments containing units of HS2, HS3, and HS4 (a total of 3.5 kb) excised
from plasmid mLAR (17). Plasmid L1-HS432_cores-1L contains a linked set of
cores for HS2, HS3, and HS4 (a total of 1.0 kb, with HS4 in the opposite
orientation to HS3 and HS2) as described by Sadelain et al. (39). Cre expression
plasmid pBS185(CMV-CRE) was obtained from Clontech.

Transfection, selection, and screening. MEL cells marked by integration of a
plasmid containing L1-CMV-HYTK-1L at one of three different chromosomal
locations, RL4, RLS, or RL6 (14), were grown in Dulbecco’s modified Eagle
medium (DMEM) containing 10% bovine calf serum, 2% penicillin and ampho-
tericin B (Fungizone), and hygromycin at 1 mg/ml for at least 3 days prior to
electroporation. RMCE was performed as described by Bouhassira et al. (4),
using 200 pg of the test plasmid, 50 pg of the CRE expression plasmid, and
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FIG. 2. Southern blot hybridization data showing integration of expression cassettes at RL5 of MEL cells by RMCE. (A) Analysis with Bg/II
(Bg). The maps at the top show the sizes of the inserts obtained from integration of the B-EGFP (no LCR) cassette into RL5 MEL cells in each
orientation and the Bg/II fragments detected with an EGFP probe. Below the maps are blot hybridization data for genomic DNA purified from
gancyclovir-resistant clones, digested with Bg/ll, and hybridized with labeled DNA containing the EGFP coding sequence. Representative clones
are showed for each construct in each orientation. (B) Analysis with Bg/II and HindIII (H). To distinguish the two orientations of the HS432_pTR
cassette at RL5, genomic DNA was digested with Bg/II and HindIII and hybridized to an HS4 probe. Orientation A was identified by the presence
of a 6.0-kb band, while orientation B has the 3.4-kb band. Positions of the hybridization probe and the Alu repeats are indicated below the maps.

electroporation at 450 V and 500 pF. Cells in which the HYTK cassette is
replaced with the test construct are resistant to gancyclovir. Thus, transfected
cells were plated in soft agar containing DMEM, 10% bovine calf serum, 2%
penicillin and amphotericin B, and 12 uM gancyclovir. Individual colonies were
picked after 2 weeks and expanded in liquid culture containing gancyclovir.

Colonies containing a single integrant at RL4, RL5, and RL6 were identified
by analysis of genomic DNA. Southern blots containing 20 pg of genomic DNA
were digested with Bg/II and hybridized to a DNA probe from the gene for
EGFP. In cases where orientation could not be identified from a single digest, a
double digestion with Bg/II and HindIII was performed and a DNA fragment
containing HS4 was used as a probe.

EGFP measurements. To measure the level of EGFP, a sample of each cell
culture containing 10° cells was resuspended in phosphate-buffered saline and 2
wM propidium iodide and analyzed on a flow cytometer (Beckman-Coulter
XL-MCL). Rainbow calibration particles (RCP-30-5; Spherotech Inc.) coated
with defined amounts of fluorescein were analyzed under the same conditions as
the cells and used to construct a standard curve. This standard curve was used to
convert the median of the distribution of EGFP levels to relative molecules of
equivalent fluorescein (MEFL). The means of these median values for multiple
clones (in most cases, three clones) and the standard deviations were calculated
for both orientations of each cassette. The significance of differences in the

means was calculated using Students ¢ test. Cells were assayed for EGFP within
6 weeks after isolation.

The amount of EGFP fluorescence expected for additive effects of HS cores
was calculated by first subtracting the fluorescence level for the B-EGFP cassette
from that for each HS core cassette. These adjusted levels were then added to the
fluorescence level for the B-EGFP cassette, effectively adding in the signal from
the HBB promoter only once. Fluorescence substantially above this level was
interpreted as a synergistic effect.

Induction. To test the inducibility of various LCR-containing cassettes, 5 X 10*
cells from selected clones were incubated in DMEM containing 4 mM N,N'-
hexamethylene-bis-acetamide (HMBA) at 37°C for 6 days. Increased production
of hemoglobin was evident by the red color of the induced cell pellet. The EGFP
levels in the induced cells and uninduced cells were compared by flow cytometry.

RESULTS

Synergism among HS units after integration at the permis-
sive RLS5 locus. The expression cassette used in these studies
contained the gene (EGFP) encoding EGFP and the human
HBB promoter flanked by Lox sites in the inverted orientation
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FIG. 3. Flow cytometric analysis of clones containing B-EGFP cas-
settes (with and without the LCR) in MEL cells at locus RL5. Ten
thousand cells were counted, and the results were plotted as the num-
ber of cells (y axis) versus the intensity of EGFP fluorescence (x axis).
The MEL cells are RL5 cells before transfection; this shows the back-
ground fluorescence in the absence of EGFP expression. A and B are
the orientations in which the cassette is integrated into the RLS locus.
The median of the EGFP peak is given in each graph.

(Lox1 and 1Lox, Fig. 1). Various fragments of the p-globin
LCR were ligated into the multiple cloning sites upstream of
the promoter (Fig. 1). Each plasmid was electroporated into
marked MEL cells along with a Cre expression plasmid so that
the entire cassette replaced a HYTK cassette at the desired
integration site (15), rendering the targeted cells resistant to
gancyclovir. Individual clones were then selected and screened
for single-copy integrants at the desired sites. Levels of EGFP
were measured by flow cytometry.

Figure 2 shows the results of genomic Southern blot assays
of clones selected after cassette exchange at RLS in MEL cells.
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After integration of the reporter construct B-EGFP (i.e., no
LCR), digestion of the genomic DNA with Bg/II, followed by
hybridization with an EGFP probe, yielded a 4.2-kb fragment
in orientation A and a 5.2-kb fragment in orientation B (Fig.
2A). The sizes expected after replacement with the LCR-con-
taining cassettes were calculated by adding the size of the LCR
fragments to the size of the Bg/II fragments seen for B-EGFP.
For all constructs, clones were found for which the sizes of the
observed bands closely matched the expected sizes for both
orientations. At least three individual clones for each orienta-
tion were obtained from this screen. Given the large size of the
BglIl fragments containing the HS432_pTR cassette, a single
enzyme digest could not distinguish the orientation. By utiliz-
ing a double digest with HindIII and Bg/II and hybridizing the
blot with an HS4 probe (Fig. 2B), fragments of 6.0 or 3.4 kb
were obtained, which are distinctive for orientations A and B,
respectively. Common bands of 1.9 and 2.4 kb result from a
cross hybridization between Alu repeat sequences in the probe
and those in the fragments containing HS2 and HS3.

Analysis of EGFP fluorescence by flow cytometry showed
that locus RLS5 is permissive for expression in both orienta-
tions. Even in the absence of any LCR enhancers, EGFP was
produced in all of the cells (Fig. 3, B-EGFP construct). Addi-
tion of HS3 or HS2 caused an increase in the median level of
fluorescence, indicating a higher level of expression of the
EGFP gene (Fig. 3), whereas HS4 had no effect. All of the cells
in the population increased their EGFP signal when an en-
hancer was added; the fraction of cells expressing EGFP did
not change. The mean fluorescence for at least three individual
clones is plotted in Fig. 4 for comparisons among the cassettes.
HS?2 has a stronger effect than HS3 (4.4- to 6.5-fold enhance-
ment for orientations B and A of the HS2 unit cassette, com-
pared to 2.6- to 4.0-fold for the HS3_unit cassette). No signif-
icant difference was seen between the HS cores and HS units
(P > 0.9 by Student’s ¢ test) for both HS3_unit versus core and
HS2_unit versus core. No difference in EGFP fluorescence was
observed between the two orientations with the individual HSs;
however, orientation A with a combination of HSs enhanced
1.5- to 2.0-fold more than orientation B. This orientation dif-
ference is significant for HS432 cores, HS432 mLAR, and
HS432_pTR cassettes (P < 0.001).

Combinations of HSs gave EGFP fluorescence levels higher
than those seen for the individual HSs. Linking of the HS4,
HS3, and HS2 cores produced a fluorescence equivalent to
that expected for addition of the effects of the individual HS
cores (Fig. 4). In particular, the linked cores in orientation A
produced EGFP fluorescence only slightly above that expected
for addition of the effects of the cores, and in orientation B, the
effect was slightly below that expected for an additive effect. In
contrast, combinations of the units for HS4, HS3, and HS2
enhanced at markedly greater levels (up to 29.0-fold, com-
pared to 12-fold for the combination of cores). This level of
fluorescence is substantially greater than that expected for
addition of the cores (Fig. 4). This difference is statistically
significant for both the HS432 pTR cassette versus the
HS432 cores cassette and the HS432_mLAR cassette versus
the HS432 cores cassette (P < 0.001 for each comparison).
Hence, HSs of the LCR can interact to obtain greater-than-
additive (i.e., synergistic) increases in enhancement. This effect
requires DNA fragments containing cores plus flanking DNA
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FIG. 4. Expression of EGFP in MEL cell clones containing 3-EGFP (with and without the LCR) cassettes at RL5. EGFP levels were measured
in multiple clones containing a single integrant of the indicated constructs in each orientation (A or B). EGFP levels are reported as MEFL. The
median values for at least three clones were averaged and plotted as bars with standard deviations. The EGFP levels expected for addition of the
effects of individual HS4, HS3, and HS2 cores are indicated at the top. The ratio of the mean MEFL for each cassette to the mean MEFL for the
B-EGFP cassette is listed as the fold enhancement on the right. pr, promoter; MCS, multiple cloning sites.

(HS units), since combinations of the cores do not show syn-
ergism.

The EGFP levels measured by fluorescence assay correlate
well with the amount of EGFP RNA in the cells. The amount
of EGFP RNA in the total RNA from clones carrying cassettes
at RLS5 was measured by an RNA protection assay. The fold
increases in EGFP RNA corresponded well to the fold in-
creases in EGFP fluorescence (data not shown). Thus, the
effects of the LCR fragments are exerted on the amount of
stable RNA, which is consistent with an effect on the level of
transcription of the cassette.

Synergism among HS units in one orientation at the less
permissive locus, RL6. The set of expression cassettes was also
integrated at locus RL6, which is not as permissive for expres-
sion as is RLS (14). Screening of multiple clones from each
transfection allowed the selection of several clones containing
each cassette in each orientation. In the absence of LCR frag-
ments, the B-EGFP cassette at RL6 is not expressed at a
detectable level, since the flow profiles are virtually indistin-
guishable from those of the parental cells (data not shown).
Addition of LCR fragments stimulated expression (Fig. 5), and
this effect was seen in all of the cells in the population. How-
ever, the level of expression for each construct was consider-
ably lower than that seen at RL5 (compare Fig. 5 to Fig. 4).

Examination of multiple clones shows that the HS2 and HS3
cores enhance significantly (P < 0.01) but HS4 does not (Fig.
5). Combining the HS4, HS3, and HS2 cores does not increase
the level of enhancement; expression of the HS432_cores cas-
sette is not significantly different from that of the HS2 core
cassette in either orientation. In contrast, for orientation B,
inclusion of multiple HS units in the cassette increased en-
hancement significantly, from 4.0-fold for the HS432 cores
cassette to 8.0-fold for the HS432_pTR cassette (P < 0.001).
The increase in enhancement observed for the two cassettes
with HS4, HS3, and HS2 units is substantially beyond that
expected from addition of the effects of the HS cores. Hence,
like the situation at RLS, sequences outside the core are
needed to obtain synergistic enhancement among the HSs.
Surprisingly, inclusion of additional HSs in cassettes in ori-
entation A did not produce any increase beyond that of the
HS2 core (Fig. 5). The HS432 pTR construct gave only a
3.1-fold enhancement, which is comparable to the 3.2-fold ob-
tained with the HS2 core alone. Thus, orientation A at RL6
has a limited capacity to respond to enhancers. Feng et al. (14)
observed no differences between orientations A and B at RL6
for expression of a construct comparable to the HS432 mLAR
cassette. This may reflect a stable alteration at this locus, per-
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haps epigenetic, in the line of RL6-marked cells used in these
experiments.

Synergism among HS units in one orientation at RL4. The
set of cassettes with different portions of the LCR was also
tested at a third locus, RL4. Clones in each orientation for all
cassettes were obtained for analysis. Feng et al. (14) have
shown that orientation A of RL4 is not permissive for expres-
sion of cassettes regulated by the CMV promoter-enhancer or
an enhancer containing HS4, HS3, and HS2 of the LCR (com-
parable to the HS432 mLAR cassette). The data in Fig. 6
confirm this observation and show, in addition, that for all of
the LCR fragments tested, including the 9.2-kb fragment en-
compassing all of HS4, HS3, and HS2 (HS432_pTR cassette),
only a low level of EGFP is produced in orientation A. In
contrast, orientation B is permissive for expression. For this
orientation, all of the cells in the population express EGFP
and, hence, there is no change in the fraction of cells express-
ing EGFP with different LCR fragments (data not shown).

In permissive orientation B, combinations of the HS units
give substantially higher levels of enhancement (6- to 10-fold)
than does the combination of HS cores (2.1-fold). This is con-
sistent with the need for flanking sequences for synergistic
interactions observed at RL5 and RL6.

LCR fragments with HS4, HS3, and HS2 cannot overcome
position effects. Figure 7 compares the levels of expression and
enhancement by cassettes containing multiple HS sites at the

three different chromosomal locations, using the most highly
expressing orientation for each site. Data for cassettes with no
LCR confirm that RL5 is the most permissive locus, RL4
(orientation B) allows an intermediate level of expression,
while RLG6 is the least active. This has been inferred by analysis
of LCR-containing cassettes (14) and is directly demonstrated
in the comparison in Fig. 7. If any of the DNA fragments from
the LCR used in this study were capable of overcoming all
position effects, they should be able to enhance to comparable
levels of expression at all three loci. This was not seen. Instead,
each LCR construct was able to enhance expression but the
levels of expression and fold enhancement were highest at
RLS, intermediate at RL4, and lowest at RL6. Even the largest
DNA fragment tested, encompassing the most active portions
of the LCR, did not increase expression to the same level at all
three integration sites.

Effects of induction. The effects of different LCR fragments
on inducibility were tested with clones from each cassette in
the higher-expressing orientation at integration sites RL5 and
RLA. Cultures of clones grown in the absence or presence of
the inducer HMBA were assayed for EGFP fluorescence by
flow cytometry. All of the cassettes at RLS induced 3.5- to
6.5-fold (Fig. 8A). At RLA4, several LCR-containing cassettes
induced four- to fivefold, including combinations of units, com-
bination of cores, and the HS3 unit alone (Fig. 8B). Induction
of the HS2 unit was only twofold, whereas the HS3 core and



2976 MOLETE ET AL.

MoL. CELL. BIOL.

Fold Enhancement
B Orientation

1 6.0

10.0

2.1

2.0

2.2

HS3_core (0.2 kb) 2]

]

!

117

1.7

1.0

LCR-Constructs at RL4

@ pRE2K) ] | 5

432 mLAR (35 kb) = == B

432 cores (1.0kb) B s

HS3_unit (1.9 kb) = 8

HS2_unit (1.4 kb) =30
B
A
B
A

f-EGFP (No LCR) _}.@.Dg.‘_

I 1 1 L1 1 1 P 1 P I | I T ]

a

100

200 300
Mean MEFL

400 500 600

FIG. 6. Expression of EGFP in MEL cell clones containing B-EGFP (with or without the LCR) cassettes at RL4. EGFP levels were measured
in multiple clones containing a single integrant of the indicated constructs in each orientation (A or B). Averages for clones carrying the same
cassettes in a given orientation are plotted as bars with standard deviations. pr, promoter; MCS, multiple cloning sites.

the cassette with no LCR showed no response to induction. At
both RL4 and RLS5, the amount of induction for cassettes
containing the HS3 unit exceeded that of those containing the
HS3 core (P < 0.05 for clones at RLS).

DISCUSSION

We have examined the expression of a series of single-copy
cassettes containing different combinations of functional ele-
ments from the LCR at identical integration sites in MEL cells.
In contrast to experiments using randomly integrated con-
structs, data from this technique are not complicated by vari-
ations in position effects or copy numbers. We show that the
components of the LCR do not work strictly independently,
but rather they can interact to produce synergistic enhance-
ment of the HBB promoter. These data support a model in
which the HSs of the LCR interact in a holocomplex to provide
a high level of enhancement (5, 8, 9, 24, 31, 47).

The criterion for synergism in the current study is the stim-
ulation of expression of an HBB-EGFP reporter to a level
greater than the sum of that stimulated by the individual HS
cores. Combining the HS4, HS3, and HS2 cores enhanced
expression to a level comparable to the sum of the enhance-
ments by the cores. In contrast, combinations of larger DNA
fragments containing the HSs (HS units) enhanced to a signif-
icantly higher level, indicating synergistic interactions. A con-
trasting interpretation is that the HS units individually are
capable of enhancing to a greater extent than are the HS cores,
thereby producing the larger enhancements in combination.
Although stronger enhancement by HS units than HS cores
has been seen in some studies (e.g., see reference 26), this
result was not obtained with single-copy integrants at the sites

examined in this study; in uninduced cells, the enhancements
by cores and units are the same for HS3 and HS2. No HS4 unit
was tested in the current series of experiments, since no dif-
ference was observed in previous experiments comparing the
HS4 core and HS4 units from the rabbit LCR (26). This leaves
open the possibility that the human HS4 unit included in the
HS432_miniLAR cassette has an enhancement activity greater
than that of the HS4 unit, thereby accounting for the greater
activity of the combinations of units. However, this seems un-
likely, given the absence of an enhancement effect for HS4
seen in several studies (20, 22). Thus, for the loci examined
here, the enhancement expected for the sum of the HS units is
the same as that expected for the sum of the HS cores in this
system. The data in the current study can be interpreted as
reflecting synergistic interactions among the HSs.

The observation of synergism among larger DNA fragments
of the LCR, but not among the HS cores, shows that additional
sequences outside the cores are needed for synergistic en-
hancement. The ability of HS units (i.e., cores plus flanking
regions) to synergize in enhancement was seen at all three of
the loci examined. A similar result was obtained in our earlier
study of randomly integrated LCR-containing reporter con-
structs, but synergism was observed between rabbit but not
human LCR HS units (25). This earlier study used a different
promoter (from the rabbit HBE gene) and a different cell line,
K562; it was limited to combinations of HS2 and HS3; and it
was subject to the complications of different position effects.
Any or all of these factors could contribute to the lack of
observable synergism between human HS units in that study.
Our current approach, using RMCE to examine expression of
cassettes integrated at defined chromosomal locations, is more
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sensitive and robust. These data clearly show that the HS4,
HS3, and HS2 units of the human LCR can interact synergis-
tically to enhance expression from the HBB promoter. In sup-
port of this observation, recent studies utilizing LCR segments
in gene therapy vectors also show that a combination of larger
LCR fragments, comparable to our HS units, produce higher
levels of expression for a longer time than do combinations of
HS cores (30).

The DNA sequences between the HS cores contain clusters
of consereved sequence blocks, or phylogenetic footprints (22),
but they do not have enhancement activity themselves (42).
Thus, they appear to be modulators of enhancement by the
cores of the HSs. Ongoing studies show that specific proteins
can bind to conserved sites between the HS cores. Proteins
bound to the DNA flanking the cores may play a structural
role, placing the activator proteins bound to the HS cores in an
optimal orientation, perhaps by facilitating interactions with
other HS units.

Surprisingly, even large LCR constructs were unable to over-
come position effects at RL4, RLS, and RL6. The largest seg-
ment tested, a 9.2-kb fragment with HS4, HS3, and HS2 and all
of the intercore sequences, contains all of the major regulatory
elements mapped in the LCR. These results indicate either
that important LCR functions needed to overcome these po-
sition effects lie outside of this fragment or that the LCR
cannot overcome them. The recent demonstrations that even
large YACs and BACs containing the human HBBC (1, 36) or
mouse Hbbc (27) are sensitive to position effects argue that the
LCR cannot overcome all position effects. This raises the pos-

sibility that strategies based on random integration are not
effective long-term approaches to genetic therapy of disorders
of the B-globin genes. However, more studies are needed to
ascertain whether the ability to overcome all position effects
(which may not be possible) is required or whether strong
enhancers providing robust expression at a subset of integra-
tion sites will suffice.

The technique of RMCE overcomes limitations due to dif-
ferences in position effects and copy number, but it also re-
stricts the number of loci examined. We have measured ex-
pression at three loci that differ markedly in permissivity for
expression; a cassette containing the HBB promoter but not
the LCR is not expressed at a detectable level at RL6, whereas
this cassette is readily expressed at RLS5 and RL4 (orientation
B). Expression is enhanced by appropriate DNA fragments
from the LCR at all three loci, and in all cases, flow cytometry
showed that all of the cells in the population contained EGFP.
Thus, enhancement occurring by an increase in the fraction of
cells expressing the reporter gene (46) was not observed in the
current experiments. Further studies are required to determine
whether the enhancement seen here results exclusively from an
increased rate of expression, an increase in the fraction of time
that a cell is expressing (13), or some combination of effects
(4). EGFP is a stable protein, and cells that have ceased ex-
pression of the EGFP gene will continue to show EGFP fluo-
rescence for some time, thus making it difficult to see tran-
siently nonexpressing cells. Although we have studied three
loci with strikingly different expression properties, it is possible
that other sites are subject to stronger negative regulation and
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our current studies would not reveal regulatory functions was observed (data not shown). Thus, the ability of enhancers
needed to overcome these stronger negative effects. For in- to prevent silencing cannot be assayed at the RL5 locus.

stance, clones containing each of the expression cassettes at Two types of orientation effect were observed in these stud-
RLS were monitored for 6 months but no evidence of silencing ies. Cassettes at RL4 are expressed in only one orientation, and
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cassettes at RL6 are less responsive to enhancers in one ori-
entation. Recent studies (14) show that silencing correlated
with methylation of regulatory elements in the cassette but not
with changes in chromatin structure (DNase-hypersensitive
sites still formed at HS2 and HS3). Presumably, some se-
quences flanking the RL4 and RL6 integration sites influence
methylation and expression. Two possibilities include effects of
the direction of replication and interfering transcription from
an adjacent gene. Studies of the sequences flanking the inte-
gration sites should be informative.

In contrast to previous results (26), we see no difference
between the enhancement by individual HS cores and individ-
ual HS units for the HBB-EGFP hybrid reporter gene at these
loci in MEL cells. Several possibilities could explain the dif-
ference. For instance, the collection of random integration
sites sampled in the earlier studies with K562 cells may have
been less permissive for expression than the sites in MEL cells
examined in this study and, hence, were more dependent on
the functions provided by the sequences flanking individual HS
cores. Also, the HBE-luciferase reporter used in previous stud-
ies may be more sensitive to the effects of the sequences flank-
ing the cores. Alternatively, it is possible that the set of clones
examined previously for HS cores happened to be subject to
more negative position effects than the set of clones examined
for HS units and, hence, the result could reflect the limitations
of the assay available at that time. Comparison of cassettes
containing HS units and cores at even less permissive loci by
RMCE may provide a better evaluation of whether individual
units have stronger activity than single cores. Indeed, some of
the data obtained by RMCE are suggestive of a role of the
sequences flanking the cores even for single HSs. For example,
treatment of clones containing the HS3 unit cassette with
HMBA produced a stronger induction than did treatment of
clones containing the HS3 core cassette, at both RL4 and
RLS. Thus, the sequences flanking the cores do play a role in
LCR function. Multiple lines of evidence now support the
conclusion that they are needed for synergistic interactions
between the HS cores, and in some (but not all) assays, they
are needed for optimal function of a single HS.
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