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ABSTRACT The human b-globin locus control region
(LCR) consists of four erythroid-specific DNaseI hypersen-
sitive sites (HSs) at the 5* end of the b-globin cluster. The LCR
functions over a long distance on chromosome 11 to regulate
transcription and replication of the b-globin genes. To deter-
mine whether the HSs function independently or as an inte-
grated unit, we analyzed the requirements for long-range
transcriptional activation. If the HSs function independently,
individual HSs would be expected to have long-range activity.
In contrast, if long-range activity requires multiple HSs,
individual HSs would have a limited functional distance. HS2,
HS3, and a miniLCR containing multiple HSs, were separated
from a g-globin promoter by fragments of phage lDNA. After
stable transfection into K562 cells, HS2 had strong enhancer
activity, but only when positioned close to the promoter. HS3
also had strong enhancer activity, although it was weaker than
HS2 and more sensitive to the spacer DNA. The miniLCR had
the strongest enhancer activity and functioned even at a
distance of 7.3 kb. A model is proposed in which synergistic
interactions between HSs confer long-range activation by
creating a stable LCR nucleoprotein structure, which is com-
petent for recruiting chromatin-modifying enzymes. These
enzymes would mediate the well-characterized activity of the
LCR to modulate chromatin structure.

Regulation of transcription in higher eukaryotes often requires
genetic elements that function over long distances on chro-
mosomes. These enhancers or locus control regions (LCR) are
characterized by clusters of transcription factor binding sites,
many of which are also found on promoters (1). One mecha-
nism to explain action-at-a-distance is the recruitment of basal
transcription machinery through protein–protein interactions
with factors bound to distal sites (2). The intervening DNA
would form a loop, reducing the constraints for the protein–
protein interactions (3). An alternative model assumes that the
distal nucleoprotein complex modulates the chromatin struc-
ture of the promoter, and this structural transition is crucial for
assembly of a preinitiation complex (4). Both mechanisms may
be intertwined and work together (5).
A poorly understood issue relevant to the models described

above is what parameters determine the active distance of a
genetic regulatory element. The looping model assumes that the
ability of the intervening DNA to bend and the strength of the
protein–protein interactions are important. Parameters control-
ling the distance affected by a chromatin disruption mechanism
are less clear. A localized chromatin disruption involving nucleo-
some disruption (6–8), histone modifications (9, 10), andyor
changes in higher-order chromatin folding (11–13), could be

propagated along a chromosome. We have been using the
b-globin LCR to study requirements for long-range activation.
The human b-globin LCR consists of four erythroid-specific

hypersensitive sites (HSs) at the 59 end of the b-globin gene
cluster on chromosome 11 (14, 15). The LCR controls the
chromatin structure, transcription, and replication of the
b-globin domain (16, 17). Molecular genetic studies have
shown that the LCR confers copy-number-dependent and
position-independent expression of globin transgenes in mice
(16). In addition, a naturally occurring chromosomal translo-
cation in Hispanic thalassemia removes part of the LCR,
resulting in inactivation of the b-globin genes (17).
Inclusive and exclusivemodels have been proposed for how the

LCR regulates the b-globin genes. Inclusive models assume that
the activation property of the LCR can be shared by multiple
promoters (18). In contrast, exclusive models assume a mutually
exclusive interaction of the LCR with promoters. Competition
between promoters for the LCR has been observed in various
systems and has been hypothesized to be crucial for developmen-
tal regulation of the b-globin genes (19–22).
Three recent results support an inclusivemechanism. First, the

LCR can generate HSs on Gg and Ag promoters on the same
chromosome (18). Second, hybrid cells containing one copy of
human chromosome 11 can express multiple globin genes within
the same cell (23). Third, primary RNA transcripts from the
embryonic, fetal, and adult b-globin genes were colocalized in
single cells, containing one copy of a b-globin locus transgene
(24). Based on the dynamic synthesis of the transcripts, it was
postulated that the LCR engaged in transient looping with globin
promoters. Transient looping would allow a LCR to be shared by
multiple genes. At any given time, however, the LCR would
interact with only a single promoter.
An unresolved issue is whether the four HSs function as a unit

or independently. Deletion of HS2 or HS3 by homologous
recombination in mice only has a small inhibitory effect on
transcription of the b-globin genes (25, 26), suggesting consider-
able redundancy, if theHSs function together. If theHSs function
independently, one would predict that each HS could activate
transcription over long distances on a chromosome. In contrast,
if theHSs function as a unit, the enhancer activity of eachHSmay
be restricted to short distances. To distinguish between these
possibilities, we have investigated the requirements for long-range
activation using a stable transfection assay in K562 cells.

MATERIALS AND METHODS
Cell Culture. The human erythroleukemia cell line K562 (27)

was propagated in Iscove’s modified Eagle’s medium (IMEM)
(Biofluids, Rockville, MD), containing 10% fetal calf serum
(FCS) (GIBCOyBRL), 2 mM glutamine, and gentamycin (25
mgyml).Cells were grown in a humidified incubator at 378C, in the
presence of 5% CO2. Hygromycin (0.2 mgyml) was included in
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medium for selection of stably transfected pools or clones ofK562
cells.
Plasmid Construction. A SmaI–HindIII fragment of the hu-

man g-globin promoter (2260 to 135) was subcloned into the
SmaI and HindIII sites of pGL3basic vector (Promega) to yield
pgluc. The KpnI (7768)–BglII (9218) human HS2 fragment was
modified with a KpnI linker and subcloned into the KpnI site of
pGL3basic vector (Promega) to yield pHS2luc. A SmaI–HindIII
fragment of the human g-globin promoter (2260 to 135) was
subcloned into the SmaI and HindIII sites of pHS2luc to yield
pHS2gluc.MluI fragments of phage lDNA were subcloned into
theMluI site of pHS2gluc to yield pHS2(2.2)gluc, pHS2(3.4)gluc,
pHS2(5.1)gluc, and pHS2(7.3)gluc. The 1.0-, 1.2-, 2.2-, 2.4-, and
5.1-kb phage l inserts used in this study were derived from phage
l DNA by cleavage with MluI at the following positions: 1.0,
19996–20952; 1.2, 20952–22220; 2.2, 17791–19996; 2.4, 15372–
17791; 5.1, 458-5548. The pHS2(3.4)gluc plasmid contains 2.4-
and 1.0-kb phage l inserts. The pHS2(7.3)gluc plasmid contains
5.1- and 2.2-kb phage l inserts.
The pgluc plasmid was cleaved with SacI, and an oligonucle-

otide containing an EcoRI site was cloned into the SacI site to
generate pGL3RIgluc. The HindIII (3266)–HindIII (5172) hu-
manHS3 fragment was subcloned into theHindIII site of plasmid
Bluescript SK1 (Stratagene) to yield pBHS3. The HS3 fragment
was excised as an EcoRI–KpnI fragment and subcloned into
EcoRI–KpnI sites of pGL3RIgluc to yield pHS3gluc.MluI frag-
ments of phage l DNA were subcloned into the MluI site of
pHS3gluc to yield pHS3(2.2)gluc, pHS3(3.4)gluc, pHS3(5.1)gluc,
and pHS3(8.5)gluc. The pHS3(3.4)gluc plasmid contains 2.4- and
1.0-kb phage l inserts. The pHS3(8.5)gluc plasmid contains 5.1-,
2.2-, and 1.2-kb phage l inserts.
The EcoRI–SalI miniLCR fragment (28) was subcloned into

plasmid Bluescript SK1 to yield pminiLCR. The miniLCR frag-
ment was excised as anEcoRI–KpnI fragment and subcloned into
EcoRI–KpnI sites of pGL3RIgluc to yield pminiLCRgluc. This
fragment contains the conserved core regions of HS1–HS4 and
natural flanking sequences (coordinates: HS1, 10946–15180;
HS2, 7764–9218; HS3, 4277–5122; HS4, 951-2199). MluI frag-
ments of phage l DNA were subcloned into the MluI site of
pminiLCRgluc to yield pminiLCR(2.2)gluc, pminiLCR(2.4)gluc,
pminiLCR(5.1)gluc, and pminiLCR(7.3)gluc. The pminiLCR-
(7.3)gluc plasmid contains 5.1- and 2.2-kb phage l inserts. The
integrity of the plasmids was confirmed by restriction enzyme
digestion analysis and partial DNA sequencing.
Transfections. For stable transfection assays, linearized test

plasmids (3 mg) and a linearized selection plasmid, containing
the thymidine kinase promoter driving a hygromycin resis-
tance gene (0.3 mg), were cotransfected into K562 cells (1 3
107) as described (29). Test and selection plasmids were
linearized at unique NotI and SalI sites, respectively, in the
vector. K562 cells were washed with ice-cold TBS (25 mM
Tricine, pH 7.4y140 mM NaCly5 mM KCly0.5 mMMgCl2y0.7
mM CaCl2) and resuspended in TBS at a concentration of 13
107 cells per ml. DNA was electroporated into cells using a
Bio-Rad Gene Pulser II apparatus at 260 V and 950 mF. After
48 h of growth in IMEM medium containing 10% FCS, stably
transfected pools of cells were selected with hygromycin B (0.2
mgyml) for approximately 4 weeks. For isolation of clonal cell
lines, cells were grown for 48 h in IMEM medium containing
10% FCS, incubated with hygromycin for 1 week, and then
subjected to limiting dilution. After selecting for hygromycin-
resistant pools or clones, cells were propagated in IMEM
medium containing 10% FCS and 0.1 mgyml of hygromycin.
Luciferase Assay. Cells (12 ml of a near-confluent culture,

4.83 106-7.23 106 cells) were isolated by centrifugation at 2403
g for 6 min at 48C and washed by resuspension in ice-cold PBS (2
ml) and recentrifugation. The cells were lysed in reporter lysis
buffer (100ml) (Promega) for 15min at 238C, and the supernatant
was isolated after centrifugation for 2 min at 18,700 3 g. The
luciferase activity generated by the supernatant in 30 s was

determined with a Berthold Lumat LB9501 luminometer
(Nashua, NH). Protein concentrations were estimated by the
Bradford assay using g globulin as a standard, and luciferase
values were normalized by protein concentration.
Southern Blot Analysis. Genomic DNA was purified from

clonal cell lines and analyzed by Southern blot analysis as
described (30). DNA (15 mg) was digested to completion with
HindIII and XbaI. After resolving on a 1.2% agarose gel, DNA
was transferred to a Magnagraph nylon membrane and cross-
linked to the filter with a Stratalinker (Stratagene). A random-
primed luciferase DNA fragment [6 3 107 cpmy10 ml Quick-
hyb (Stratagene) hybridization buffer] was used as a probe.
The relative copy number of the integrated constructs was
determined by analysis of the blot with a PhosphorImager
(Molecular Dynamics). The lowest copy number was desig-
nated an arbitrary value of one.

RESULTS AND DISCUSSION
Individual Hypersensitive Sites Strongly Activate Tran-

scription only When Positioned Close to a Promoter. The HS2
and HS3 subregions of the LCR can strongly activate tran-
scription of adjacent promoters in stable transfection assays
and transgenic mice (31–36). HS4 also has moderate enhancer
activity (37), whereas no significant enhancer activity has been
observed with HS1. To differentiate between models of LCR
function where individual HSs function independently or as an
integrated unit, a stable transfection assay was used in human
K562 erythroleukemia cells. Constructs were prepared in
which a g-globin promoter was linked to a luciferase gene, in
the absence or presence of HS2, HS3, and the miniLCR. The
miniLCR contains sequences spanning HS1–HS4, but lacks
sequences between the core sites of the intact LCR (28). To
define the distance constraints for transcriptional activation by
individual HSs, we systematically separated HS2, HS3, and the
miniLCR from the g-globin promoter, using variable-length
fragments of phage l DNA. The constructs were electropo-
rated into K562 cells, and pools of stably transfected cells were
isolated and assayed for luciferase activity.
As shown in Fig. 1A, the integrated g-globin promoter had very

weak activity. HS2 strongly activated the promoter when posi-
tioned near the promoter. Insertion of a 2.2-kb fragment of phage
l DNA between HS2 and the promoter had a small inhibitory
effect on transcription. In contrast, larger fragments resulted in
almost complete inactivation of the promoter. Thus, in contrast
to the endogenous LCR in its native chromosomal environment,
HS2 can only strongly activate a promoter over short distances on
a chromosome in a stable transfection assay.
The distance constraints for the transcriptional activation

property of HS3 were analyzed in a similar manner to that
described above for HS2. The luciferase activity induced by HS3
was approximately 5-fold lower than with HS2 (Fig. 1B). In
contrast to the HS2 construct, insertion of a 2.2-kb fragment of
phage lDNA betweenHS3 and the promoter almost completely
inactivated the promoter. Restriction enzyme digestion analysis
indicated that the orientation of the 2.2-kb phage fragments in the
HS2(2.2l)gluc and HS3(2.2l)gluc vectors was identical, ruling
out a trivial explanation for the differential inhibitory effect. The
larger phage l DNA fragments also strongly inhibited transcrip-
tion. Thus, HS3 exhibited greater sensitivity than HS2 to the
phage l DNA fragments.
Because the intact LCR can function over long distances in its

normal chromosomal context, it was critical to determinewhether
long-range activation could be achieved with the stable transfec-
tion assay. Thus, a series of constructs were prepared in which the
miniLCR was separated from a g-globin promoter by phage l
DNA fragments as described above. The overall activity de-
creased as a function of increasing distance between the promoter
and the miniLCR (Fig. 1C). However, strong transcriptional
activity was retained at the longest distance of 7.3 kb.
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The strength of the three activating elements can be ranked in
the following descending order: miniLCR . HS2 . HS3. Pre-
vious observations have shown that HS4 has moderate enhancer
activity (37) and HS1 lacks enhancer activity. Thus, the high level
of activation achieved with the miniLCR may result from syner-
gistic interactions between the HSs. Synergistic effects of LCR
HSs on transcriptional activation have been observed previously

when the regulatory elements were positioned close to an «-glo-
bin promoter (38, 39). In addition, synergism of transcriptional
activation properties of HS3 and HS4 was observed with a
b-globin locus yeast artificial chromosome (YAC) in transgenic
mice (40). A distinct question, however, is whether synergism
allows the HSs to function over long distances on a chromosome.
Since both HS2 and HS3 differed from the miniLCR in that they
had very low activity at the longest distance tested, this is
consistent with a requirement for synergism between HSs to
generate the long-range activation function.
Fig. 2 shows a replot of the data of Fig. 1 to illustrate the

strong synergistic transcriptional activation when regulatory
elements are separated from the promoter by the 5.1-kb phage
l DNA fragment. When the regulatory elements are posi-
tioned next to the promoter (23-, 25-, and 25-bp away for HS2,
HS3, and miniLCR, respectively), the activity of the
pminiLCRgluc construct is 4.2-fold higher than the sum of the
activities of the pHS2gluc and pHS3gluc constructs (Fig. 1). In
contrast, when the regulatory elements are separated from the
promoter by 5.1 kb, the activity of the pminiLCRgluc construct
is 94-fold higher than the sum of the activities of the pHS2gluc
and pHS3gluc constructs (Fig. 2).
Studies were performed with clonal cell lines to confirm the

results described above, which used pools of stably transfected
cells. Fig. 3A shows the luciferase activity of clonal lines contain-
ing pHS2(2.2l)gluc and pHS2(7.3l)gluc constructs. The lucif-
erase activity was normalized to the relative copy number of the
integrated template, determined by Southern blot analysis (Fig.
3B). Twelve of the 15 clonal lines containing pHS2(2.2l)gluc
exhibited high luciferase activity, whereas all 8 of the lines
containing pHS2(7.3l)gluc had very low activity. The average
activity was 9,3616 3,001 and 89.06 30.9 light units per symg per
relative copy for pHS2(2.2l)gluc and pHS2(7.3l)gluc constructs,
respectively (mean 6 SEM, n 5 15 and 8, respectively). The
differential activity of the two constructs in clonal cell lines
(105-fold) is consistent with the differential activity observedwith
pools of stably transfected cells (329-fold).
One could argue that the clonal lines are blocked at distinct

stages of erythroid differentiation and, thus, variations in g-globin
promoter activity would be expected. To address this issue, five
clones containing each construct were induced with 20 mM of
hemin for 70 h. Hemin alters the differentiation state of K562
cells, resulting in higher levels of embryonic and fetal globin (27,
41). Constitutively ‘‘induced’’ clones would be expected to syn-
thesize higher levels of globin than clones blocked at an earlier
stage. Hemin could have a preferential stimulatory effect on
clones blocked at an early stage. However, hemin treatment had
less than a 2-fold effect on luciferase activity of all clones tested,
inconsistent with this idea (data not shown).

FIG. 1. Distance constraints for the transcriptional activation property
of HS2, HS3, and the miniLCR. The three activating elements (A) HS2,
(B) HS3, and (C) miniLCR, were subcloned upstream of a g-globin
promoter linked to a luciferase gene. Variable-length phage l DNA
fragments were subcloned between the activating element and promoter.
The test constructs and a selection construct were linearized and co-
transfected into K562 cells. Stably transfected pools of cells were isolated
and assayed for luciferase activity as a measure of g-globin promoter
activity (mean 6 SEM). The number of pools analyzed for the various
constructs was: HS2gluc, 7; HS2(2.2)gluc, 7; HS2(3.4)gluc, 6;
HS2(5.1)gluc, 7; HS2(7.3)gluc, 4; HS3gluc, 7; HS3(2.2)gluc, 8;
HS3(3.4)gluc, 8; HS3(5.1)gluc, 5; HS3(8.5)gluc, 7; miniLCRgluc, 16;
miniLCR(2.2)gluc, 12; miniLCR(2.3)gluc, 12; miniLCR(5.1)gluc, 12;
miniLCR(7.3)gluc, 11. (A) The activity of a construct containing only the
g-globin promoter fused to the luciferase gene (pgluc) are shown by E,
whereas in A–C the activity of constructs containing activating elements
are shown by F. The luciferase activity of pgluc was 0.436 0.49 light units
per symg 3 1023 (n 5 3).

FIG. 2. Synergistic transcriptional activation by multiple hypersen-
sitive sites. The luciferase values from Fig. 1, representing the activity
of constructs containing a 5.1-kb phage l insert between the activating
element and promoter, are expressed in the graph. (Inset) The -fold
activation of the test construct relative to the control plasmid con-
taining the g-globin promoter linked to the luciferase gene.
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The low activity of integrated constructs containing large
phage l fragments could be explained by increasing the distance
between the activating element and the promoter beyond a
critical length. On the other hand, low activity could result from
an effect of the phage DNA to induce heterochromatinization
(42). Although we are not aware of a precedent for this phenom-
enon, we tested this hypothesis by comparing the activity of
constructs containing phage l DNA between the activator and
promoter with constructs containing phage l DNA upstream of
the activator. If the phage l DNA is a nucleation site for
heterochromatinization, one would expect regulatory sequences
of the activating element and surrounding sequences to become
occluded by condensed chromatin, regardless of the position of
the phage lDNA in the vector. Thus, strong inhibition would be
observed with both constructs. In contrast, if inhibition is due to
separation of the activator from the promoter, the construct
containing the phage lDNA upstream of the activator should be
minimally effected. This argument is equivocal, however, for
constructs integrated as a tandem array. Bidirectional activation
could potentially occur with tandemly arranged copies. Thus,
even if inhibition resulted from altering the spacing between the
activating element and the promoter, some inhibition would be
observedwith the phageDNAupstreamofHS2, due to inhibition
of activation of the upstreampromoter. Of course, the probability
of bidirectional activation for an integrated construct is unknown,
because the functional distance of the regulatory elements is
unclear.
A construct was prepared with the 5.1-kb fragment of phage l

DNA placed upstream of HS2, p(5.1l)HS2gluc (Fig. 4A). The

activities of this construct and the pHS2(5.1l)gluc construct were
compared in stably transfected pools of K562 cells (Fig. 4B). As
observed in Figs. 1–3, strong inhibition resulted from placement
of the phage DNA between HS2 and the promoter. In contrast,
no inhibition was observed with the p(5.1l)HS2gluc construct.
This result is consistent with the interpretation that inhibition by
long phage lDNA fragments results from increasing the distance
between the activating element and the promoter, rather than a
general repressive function, such as inducing heterochromatin
formation. This result also argues against the following trivial
mechanism of inhibition. The phageDNA fragments could direct
the integration of the constructs into regions of condensed
chromatin, resulting in repression. Based on the requirement for
placement of phage lDNA between HS2 and the promoter, it is
unlikely that the mechanism of inhibition is similar to the
mechanism of silencing of globin constructs flanked by retroviral
long terminal repeats (43).
Molecular Basis of Synergism Between Hypersensitive Sites.

We have shown that regulatory complexes competent to strongly
activate transcription of proximal promoters are incapable of
functioning over long distances on a chromosome. In contrast, a
cluster of complexes, the miniLCR, is competent for long-range
activation. If theHSs normally function independently, onewould
expect that they could function over long distances. Since the
long-range activation property requires multiple HSs, it is likely
that the HSs normally function in a coordinated manner, rather
than as independent regulatory units. Although the results favor
a mechanism involving interacting HSs, we have not addressed
whether all four HSs must interact. It is conceivable that only a

FIG. 3. Low luciferase activity of cells containing pHS2(7.3l)gluc is unrelated to template copy number. (A) The pHS2(2.2l)gluc and
pHS2(7.3l)gluc constructs were linearized and cotransfected into K562 cells. Stably transfected clonal cell lines were isolated and assayed for
luciferase activity as a measure of g-globin promoter activity. (Inset) Mean luciferase activity of each set of clones [mean 6 SEM, n 5 15 and 8
for pHS2(2.2l)gluc and pHS2(7.3l)gluc constructs, respectively]. (B) Southern blot analysis of integrated templates. Genomic DNA was purified
from the clonal cell lines of A and digested to completion with HindIII and XbaI to excise a fragment containing the g-globin promoter linked to
the luciferase gene. Genomic DNA (15 mg) was analyzed by Southern blot analysis with a luciferase probe.
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subset of the HSs interact to confer long-range activation. It
should be noted, however, that the cotransfected selectable
marker could potentially influence the chromatin structure at the
integration site. Thus, the requirements for long-range activation
in this system may differ from the homologous chromosomal
environment. A holo-LCR complex involving interactions be-
tween all four HSs has been proposed (44).
The magnitude of enhancer activity of the three activating

elements correlated with their functional distance on a chromo-
some. This is consistent with the hypothesis that strong enhancer
activity is required for long-range activation. It has been sug-
gested that enhancer activity and the activity of theLCR to confer
copy number-dependent and position-independent expression
are separable properties. Talbot and Grosveld (45) showed that
the enhancer activity of HS2 was greatly decreased upon muta-
tion of the tandemNF-E2 sites, but despite this, themutatedHS2
retained the ability to confer copy number-dependent gene
expression when positioned close to a promoter. Our results
suggest that weak activating elements have a restricted functional
distance and therefore lack long-range activity characteristic of
LCRs. In addition, based on considerable variation in expression
per copy commonly observed (Fig. 3), these results suggest that
individualHSs lack the defining properties of the intact LCR.The
variation implies that HS2 is not competent to overcome position
effects and confer copy number-dependent expression in this
system.
The results described herein are inconsistent with the pro-

posal that HS3 has a unique domain-opening property (44),
since HS3 was very sensitive to the phage l DNA fragments.
Based on a domain-opening function, HS3 would be expected
to increase the accessibility of the g-globin promoter to the
basal transcription machinery and strongly activate transcrip-
tion. The recent disruption of HS3 by homologous recombi-
nation (26), which only had a modest effect on the b-globin
locus, also argues against a domain-opening activity of HS3.
We suggest that efficient domain opening requires a group of
HSs, rather than individual sites. This is not to say that a single
HS could not influence chromatin structure over short dis-

tances. The recent report showing that HS deletions in b-glo-
bin locus transgenes resulted in loss of the position-
independent function of the LCR (46) is consistent with our
observations that the intact LCR is required for long-range
activation in a heterologous chromosomal environment.
Various combinations of transactivators have been shown to

exert synergistic effects on transcription. An obvious question is
what is the specificity of HSs to generate synergism? Does the
synergism requireHS1, which lacks enhancer activity, or areHS2,
HS3, and HS4 sufficient? A more fundamental question is
whether synergism is determined by the number and strength of
transcription factors associated with the complex. Transcriptional
synergism can occur in a manner independent of the number of
acidic activation domains bound to a promoter (47). It was
suggested that cooperativeDNAbinding or changes in chromatin
structure mediate synergism. In vitro transcription and transient
transfection studies have provided evidence that recruitment of
TFIIB to the preinitiation complex and an unidentified post-
TFIIB recruitment step can be targets for synergism (48). In
addition, because transcription factors can bind cooperatively to
nucleosomal templates (49), synergism can also be explained by
the assembly of stable complexes on a chromosome.
Synergism of LCR HSs may be related to the ability of the

transacting factors to form a stable nucleoprotein complex on the
LCR. The probability of stable complex formation would be
significantly greater when multiple HSs are clustered within a
chromosomal region. This may be analogous to the observation
that multiple recognition sites for factors within a HS increases
the probability of HS formation (50). A stable complex would
confer a quantal activity, whereas an unstable complexwould lack
activity. Thus, differences in luciferase activity between cell
populationsmay reflect an all-or-none phenomenon, in which the
number of cells containing an active g-globin promoter varies,
rather than the promoter activity within each cell. All-or-none
transcriptional responses may be quite common and have been
observed in multiple systems (51–55).
Does the InterveningDNABetween anActivator andPromoter

Modulate the Efficiency of Transmission of the Activation Sig-
nal? The strong inhibitory property of the phage l DNA frag-
ments in the stable transfection assay may not be representative
of all DNA fragments. DNA fragments that differ in base
composition and physical characteristics could have different
efficacies vis-a-vis inhibition of promoter activation. DNA se-
quences from the endogenousb-globin locusmay have evolved to
allow efficient propagation of the activation function over a long
distance on chromosome 11. The studies with phage l fragments
may facilitate the development of regulatory elements which,
when associated with transgenes, function efficiently in various
chromosomal environments. The observation that individualHSs
can have a limited active distance in synthetic constructs after
stable transfection also has implications for studies on the devel-
opmental specificity of HSs. In constructs containing a HS linked
to two genes, the HS would have a strong preference for the
proximal promoter.
LCR Function in Homologous Versus Heterologous Chro-

mosomal Environments. Our results need to be reconciled
with recent homologous recombination experiments that stud-
ied LCR function in the normal chromosomal environment of
the b-globin locus (25, 26). These seminal studies showed that
disruption of HS2 or HS3 by homologous recombination only
has subtle effects on globin gene expression. One explanation
may be that in a homologous chromosomal environment
sufficient redundancy exists within the LCR to maintain an
active locus, even when single HS elements are deleted.
In contrast to the endogenous b-globin locus, disruption of

HS3 and HS4 in transgenic YACs, containing the human b-glo-
bin cluster, has a strong inhibitory effect on globin transcription
inmice (40). Similarly, disruption of individualHSs froman intact
LCR in a b-globin locus YAC construct, containing the complete
b-globin locus, resulted in loss-of-position-independent globin

FIG. 4. Inhibition of transcriptional activation by placement of the
5.1-kb phage DNA fragment between HS2 and the promoter. (A)
Structure of test constructs. (B) Test and selection constructs were
linearized and cotransfected into K562 cells. Stably transfected pools
of cells were isolated and assayed for luciferase activity as a measure
of g-globin promoter activity (mean 6 SEM, n 5 11, 9, and 9, and 9
for constructs 1–4, respectively).
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gene expression (46). However, a related study failed to observe
significant inhibitory effects upon deletion of HS3 and HS4 from
comparable YACs (56). One explanation for these disparate
results is suggested by the experiments of Milot et al. (46).
Constructs containing incomplete LCRs may be subject to chro-
mosomal position effects. Nevertheless, it remains unclear how
the HS requirements for LCR function compare between YACs
and the endogenous mouse chromosome. Since all four HSs are
not required for regulation of the b-globin locus in a homologous
chromosomal environment, additional sequences within the en-
dogenous locus may modulate the stability and efficacy of the
endogenous LCR.
Mechanism of Long-Range Gene Activation by LCRs. Once

the LCR complex has assembled on a chromosome, how does it
regulate gene transcription? The activity of the LCR to generate
an active domain may involve protein–protein interactions with
promoter-associated components, chromatin disruption, or a
combination of the two. The inclusivemodel of LCR function (30)
assumes that the LCR is shared by multiple promoters within a
domain. A second assumption is that the LCR is crucial for
generation of an active domain but not for globin gene switching
during development. One explanation for the molecular basis of
sharing is that chromatin disruption increases the accessibility of
all promoters and replication origins within the domain. The
generation of an active domain would be a necessary prerequisite
for the subsequent developmental regulation, conferred by local
regulatory elements, such as promoters, enhancers, and silencers.
Evidence that the LCR is not required for globin gene switching
(57) is consistent with the inclusive model.
Although it is easy to envision how the cooperative binding of

transcription factors to nucleosomes could disrupt histone–DNA
contacts and thus facilitate the binding of transacting factors, the
mechanism whereby the chromatin structure of an entire domain
is affected is unclear. It seems reasonable to invoke the involve-
ment of known chromatin modifying enzymes (58), such as
histone acetyltransferases (59, 60) and the nucleosome remod-
eling complex, SwiySnf (61, 62). What could be the basis for
targeting these regulatory components to the b-globin cluster?
The mechanism may be analogous to a recent report of a yeast
transcription factor recruiting a histone acetyltransferase to a
specific chromosomal site through protein–protein interactions
(59). Furthermore, several transcription factors (63–65) require
a common cofactor, CREB binding protein (66), for transcrip-
tional activation. CREB binding protein has recently been shown
to be a histone acetyltransferase (67). CREB binding protein
binds to another histone acetyltransferase, PyCAF (60), suggest-
ing a similar recruitment mechanism to that described above.
Local changes in histone acetylation andyor nucleosome posi-
tioning could provide an initial signal that is propagated along the
chromosome in a regulated fashion.
In addition to the chromatin disruption mechanism de-

scribed above, it is certainly possible that regulatory complexes
of the LCR engage in transient looping with promoter-
associated factors (24, 46, 68). However, based on consider-
ations of the complex architecture of the four HSs, each
harboring multiple recognition sites for transacting factors, it
is difficult to conceptualize the nature of the protein–protein
interface that would mediate these looping interactions.
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