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Locus control regions (LCRs) are defined by their ability to confer
high-level tissue-specific expression to linked genes in transgenic
assays. Previously, we reported that, at its native site, the murine
b-globin LCR is required for high-level b-globin gene expression,
but is not required to initiate an open chromatin conformation of
the locus. To further investigate the mechanism of LCR-mediated
transcriptional enhancement, we have analyzed allele-specific
b-globin expression and the pattern of histone acetylation in the
presence and absence of the LCR. In single cells from mice het-
erozygous for a deletion of the LCR, b-globin expression from the
LCR-deleted allele is consistently low ('1–4% of wild type). Thus,
the endogenous LCR enhances globin gene expression by increas-
ing the rate of transcription from each linked allele rather than by
increasing the probability of establishing transcription per se.
Furthermore, in erythroid cells from mice homozygous for the
highly expressing wild-type b-globin locus, hyperacetylation of
histones H3 and H4 is localized to the LCR and active genes. In mice
homozygous for the LCR deletion reduced histone hyperacetyla-
tion is observed in LCR proximal sequences; however, deletion of
the LCR has no effect on the localized hyperacetylation of the
genes. Together, our results suggest that, in its native genomic
context, the LCR follows the rate model of enhancer function, and
that the developmentally specific hyperacetylation of the globin
genes is independent of both the rate of transcription and the
presence of the LCR.

A number of eukaryotic gene loci are regulated by locus
control regions (LCRs). These elements have been defined

by their ability to confer high-level tissue-specific expression to
linked genes, as well as to overcome position effects in transgenic
assays. Thus, LCRs are believed to not only enhance transcrip-
tion but also to have dominant chromatin opening activity
(reviewed in refs. 1–3), distinguishing them functionally from
classical enhancers. At present, the most fully characterized
multigene clusters containing LCRs are the mouse and the
human b-globin loci. By using homologous and site-specific
recombination techniques, we deleted the LCRs of the mouse
and human globin loci in tissue culture models to determine
whether these elements mediate chromatin opening and tran-
scriptional activation in their native genomic locations. Surpris-
ingly, although these deletions resulted in the significant reduc-
tion or elimination of globin gene expression, deletion of neither
the human nor mouse LCR resulted in a closed chromatin
structure of the endogenous b-globin locus (4, 5). Most recently
we deleted the LCR in mice and demonstrated that, after
germ-line transmission, the locus resides in an open chromatin
conformation as measured by DNaseI sensitivity, and that the
genes are expressed at very low levels (6). These findings indicate
that elements outside of the LCR are capable of mediating an
open chromatin structure in the absence of the LCR, and that the

primary function of the LCR in its endogenous location is to
enhance transcription of the b-like globin genes.

Two contrasting models of enhancer-mediated activation of
transcription have been proposed. One view is that enhancers
function by increasing the rate at which a gene is transcribed
(rate or rheostat model). An alternate view suggests enhancers
function primarily by increasing the probability that a linked
gene will establish transcriptional activity (binary model), rather
than to increase the rate of transcription (1, 7). Although most
experimental data are consistent with either model, only a few
studies have attempted to distinguish between these two possi-
bilities, as such distinction requires quantitative assays of ex-
pression in single cells. Recent analyses of transgenes integrated
at defined genomic locations in erythroid cell lines have provided
evidence for both models. For example, investigation of control
constructs and constructs containing the b-globin LCR 59HS2
enhancer integrated at the same genomic sites in human eryth-
roleukemia K562 cells revealed a role for enhancers in the
localization of genes into nuclear compartments that favor stable
gene expression (8). These studies provided a potential mech-
anism for the binary model: the ‘‘off’’ state may reflect the
location of a gene in a heterochromatic nuclear compartment,
and the ‘‘on’’ state may reflect enhancer-mediated relocation of
the gene to a compartment permissive for expression. In con-
trast, study of the same 59HS2 enhancer, as well as other
components of the b-globin LCR, at defined genomic sites in
murine erythroleukemia (MEL) cells revealed enhancer-
mediated affects on the rate of transcription rather than on the
probability of achieving the active state (9). The different
conclusions from these studies may reflect the nature of the
genomic sites investigated.

Histone acetylation has been associated with chromatin open-
ing and gene regulation in many systems. Localized hyperacety-
lation is generally linked to transcriptional activation (10–12).
Furthermore, studies of the sequential events during promoter
activation suggest that histone-acetyl transferase (HAT) recruit-
ment occurs before polymerase initiation and that histone
acetylation can be a rate-limiting step in this process (13–16). In
addition, studies of histone acetylation throughout multigene
loci have suggested that one of the functions of LCRs is to recruit
HAT activity (12, 17–20). It has been hypothesized that in-
creased histone acetylation could result in chromatin deconden-
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sation and accessibility to trans-activating factors at the distal
promoter, linking LCR function and promoter activation.

To investigate the molecular events leading to LCR-mediated
activation in its native genomic context, we have performed
single-cell analyses of b-globin gene expression and have deter-
mined the extent of histones H3 and H4 acetylation in globin loci
of erythroid cells from wild-type (wt) mice and from mice with
a germ-line deletion of the endogenous LCR (DLCR). Our
single-cell analysis of mice heterozygous for wt and DLCR alleles
reveals homogeneous low-level expression from the DLCR allele
in every erythroid cell analyzed, suggesting that the absence of
the LCR reduces the rate of expression from linked genes.
Moreover, analysis of mice homozygous for the wt locus reveals
high levels of hyperacetylation localized to the LCR and the
active genes. Although acetylation of sequences proximal to the
LCR is markedly reduced in homozygous DLCR mice, hyper-
acetylation of the genes is unaffected by the deletion of the LCR.

Taken together, our results suggest that LCR-mediated tran-
scriptional enhancement at the native locus follows the rate
model, and that hyperacetylation of the globin genes in erythroid
cells is independent of both the rate of transcription and the
presence of the LCR.

Materials and Methods
Single-Cell Allele-Specific Expression Analysis. Analysis of transcrip-
tion was performed on mice heterozygous for the HbbS (S) and
HbbD (D) alleles. Mouse blood was heparinized and washed with
PBS. The equivalent of 0.2 ml of blood was resuspended in 1 ml
of Retic-Count (Becton Dickinson) and was incubated for 30–90
min at room temperature. Reticulocytes were identified and
isolated by using a fluorescence-activated cell sorter (FACS)
Vantage Flow Cytometer and single-cell deposition unit (Becton
Dickinson) according to the manufacturer’s recommendations
with the exception of using linear scales for measuring light
scatter. A group of cells were sorted to confirm their identity as
reticulocytes by staining with new methylene blue. Stream
alignment was confirmed before each collection. To minimize
the risk of sorting more than one cell per well, a narrow forward
scatter pulse width was gated on, and hardware was checked by
deposition of single 10-mm fluorescent beads into tubes. Of all
576 wells checked, each contained only 1 bead.

Reticulocytes were sorted into PCR tubes containing 5 ml of
lysis buffer [10 mM Tris, pH 7.4y5 mM DTTy0.4% Nonidet
P-40y0.5 units Rnasin (Promega)]. After mixing, tubes were
briefly centrifuged at 1,000 3 g and stored at 280°C. For reverse
transcription (RT), primer BM2R (GGTTTAGTGGTACTT-
GTGACGG) was added, samples were heated to 70°C for 10
min, cooled on ice, briefly centrifuged, and warmed to 42°C
before adding the RT mix. RT was done at a primer concentra-
tion of 100 nM with Superscript II RT (GIBCO) according to the
manufacturer except that the reaction contained 5 unitsyml of
RT enzyme and Rnasin at 1 unityml. Reverse transcriptase was
inactivated at 70°C, samples cooled to 37°C, and RNaseH
(GIBCO) was added at 0.15 unitsyml and incubated for 20 min.
Additional reverse primer and the forward primer BMAJinF
(CAAGCTGCATGTGGATCCTGA) were added to a concen-
tration of 80 nM in the presence of PCR buffer and Taq
polymerase (Perkin–Elmer). PCR was performed as described
except that after 6 cycles, samples were aliquoted into 3 tubes,
additional PCR mix containing a-labeled [32P]CTP was added,
and the aliquots from each cell were amplified an additional 17,
19, and 21 cycles. The amplification products were digested with
BstXI, and the resulting restriction fragments were separated on
a 6% acrylamide gel and quantified as described (21, 22).

To be included in the quantitative analysis, samples needed to
demonstrate (i) linear amplification of the more abundant
product from the S allele in all three aliquots, (ii) a signal to noise
ratio over two, and (iii) that the DyS ratio (ratio of RT-PCR

products from the D and S alleles) was not decreasing with
increasing cycles of PCR, as this indicates heteroduplex forma-
tion. Zero cell controls were routinely run and yielded no
product. Ten-cell pools from SyS mice were analyzed and never
yielded bands that migrated at the position of the D product. Ten
percent of the mutant DLCR-DyS single cells had considerably
less signal from the control S allele and therefore had to be
excluded from our analysis. A mix of a single wt cell with 9
heterozygous mutant cells resulted in SyD ratios of 0.09 and 0.11,
comparable to the predicted value of 0.12 and clearly different
from the 0.03 seen only in mutant cells, confirming that a single
‘‘jackpot’’ cell would be detected in a 10-cell pool.

Chromatin Immunoprecipitation (IP). A single cell suspension of
predominantly erythroid mouse spleen cells was generated as
described (6, 23). Formaldehyde cross-linking and chromatin
purification were done as described (12) with the exception that
the dialyzed chromatin was sonicated to reduce the average size
to 500 bp. IP with Abs against panacetylated histones H4 and H3
acetylated at lysines 9 and 14 (Upstate Biotechnology, Lake
Placid, NY) were performed as described (12), but by using 10
mg of input chromatin.

Duplex PCR Analysis of Immunoprecipitated DNA. Quantitative PCR
of input and bound chromatin was performed by using 1–2 ng of
DNA. Primers were designed and shown to be mouse-specific
and gave products between 280 and 400 bp. Primers to the
amylase gene were used in duplex PCR assays with the globin
primer sets as described (12). For each sequence, PCR reactions
were performed in parallel under conditions of linear amplifi-
cation, as described previously, for 27 cycles by using identical
temperature profiles for all primer pairs. Quantitation was
performed as described (12).

Primer Sequences. The positions of amplicons used in the mouse
b-globin locus are shown in Fig. 4 and primer sequence and
product size are listed in Table 1, which is published as support-
ing information on the PNAS web site, www.pnas.org.

Results
Analysis of Globin Expression in Individual Erythroid Cells from Mice.
Our previous analysis of pools of erythroid cells from mice
heterozygous for a germ-line deletion of the endogenous LCR
revealed that the DLCR allele expresses b-globin at a level only
1–4% of that of the wt allele (6). The binary model would predict
that the low-level expression observed in bulk RNA results from
a minority of cells which express at normal levels, whereas the
majority of cells are transcriptionally silent. In contrast, if the
LCR affects the rate of transcription, each allele would express
at a similar low rate and reflect the level we previously observed
in the analysis of bulk mRNA. To distinguish between these two
possibilities, we developed a sensitive assay that allows the
quantitative comparison of expression from a mutant allele to
that from a wt control allele in individual erythroid cells
(reticulocytes). This RT-PCR assay exploits polymorphisms
between the two major b-globin alleles in mice, and was designed
to assure quantitation in the linear range of amplification,
minimize cycles of amplification, avoid heteroduplex formation,
and minimize the manipulation and transfer of small amounts of
cellular material and nucleic acids, all of which can lead to errors
in quantitation (see Materials and Methods). Targeted deletion of
the endogenous LCR was performed on the HbbD (D) allele, and
heterozygotes with a wt HbbS (S) allele were generated, allowing
comparison of expression from the D to the S alleles in individual
cells.

To determine whether deletion of the LCR leads to a heter-
ogeneous population of high expressing jackpot cells and non-
expressing cells or to a decrease in expression in all cells, a
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combination of 10-cell pools and single reticulocytes from wt
DyS and mutant DLCR-DyS mice were analyzed for adult mouse
b-globin expression. Representative samples are shown in Fig. 1,
and the results of quantitation are shown in graphic form in Fig.
2. The ratio of expression from the D allele to the S allele in the
wt cells was close to 1 for both 10-cell pools and single cells
[0.86 6 0.06 (n 5 4) for the pools and 0.91 6 0.09 (n 5 14) for
the single cells]. A similar analysis of mice heterozygous for the
LCR deletion (DLCR-DyS) revealed ratios of 0.04 6 0.01 (n 5
6) for the 10-cell pools and 0.03 6 0.01 (n 5 26) for the single
cells, respectively. These results are remarkably similar to those
observed in our prior analysis of bulk RNA (6). An additional 35
single cells were analyzed, all of which showed a comparably
weak signal for the D allele. None had an intense band consistent
with being a jackpot cell and none were nonexpressers. The
signal to noise ratio observed in these 35 cells did not meet our
stringent criteria, thus they were not used for quantitation (see
Materials and Methods).

In summary, all 61 evaluated DLCR-DyS single cells demon-
strated a low level of expression from the D allele. No jackpot
and no nonexpressing cells were observed. Although the exis-
tence of jackpot or nonexpressing cells cannot be ruled out,

statistical analysis of the single-cell results reveals a 95% con-
fidence that the true frequency of jackpots or nonexpressers is
less than 5% (binomial exact confidence interval). In theory, the
LCR could be regulating transcription in a binary manor, by
increasing the probability that an allele is expressed at a rate of
100% rather than a basal rate of 4%. Such a mechanism is
unlikely because partial LCR deletions in mice reduce expres-
sion to 30% of normal in both bulk- and single-cell analyses,
rather than resulting in 30% of the cells expressing at a rate of
100% and nonexpressers (or cells expressing at a rate of 4%)
comprising 70% of the population (M.A.B., unpublished obser-
vation). Thus, we conclude that removal of the LCR reduces the
rate of transcription from each individual allele in vivo but not
the probability that the allele is expressed.

Analysis of Histone Acetylation of the Mouse b-Globin Locus. Previ-
ously, we observed LCR-independent formation of DNaseI-
sensitive chromatin and remodeling of the b-globin gene pro-
moter in erythroid cells from mice carrying a germ-line deletion
of the LCR (6). Thus, the open chromatin state and promoter
remodeling are not sufficient for high-level b-globin gene ex-
pression, and high-level expression requires the LCR. These
findings provide an opportunity to address the question of which
epigenetic modifications are LCR dependent and which are
associated with high level of expression of the linked b-like
globin genes. Modifications of histones, primarily acetylation
and deacetylation, have been implicated in gene activation and
repression (24, 25). Thus, the LCR could activate transcription
by mediating HAT recruitment to the designated promoters. In
this case, deletion of the LCR would lead to reduced levels of
acetylation, which in turn would lead to the low and homoge-
neous basal expression observed in our single-cell analysis (see
above).

To determine how the histone acetylation of a multigene locus
is influenced by the LCR, we examined the acetylation status of
core histones H3 and H4 in wt and LCR-deletion alleles in the
mouse b-globin locus in vivo. Mice were treated with phenylhy-
drazine as described (6) and, during recovery of the resultant
hemolytic anemia, spleens were isolated at a time when erythroid
cells are predominant. Single-cell suspensions were generated,
and protein and DNA were cross-linked with formaldehyde.
Cross-linked chromatin was isolated by isopycnic centrifugation
and subsequently immunoprecipitated with Abs specific for
acetylated histones H3 or H4. Ab-bound material enriched for
each specific acetylated histone was analyzed for the abundance
of sequences from the mouse globin locus and compared with a
transcriptionally inactive control gene (amylase) by a duplex
PCR approach as described (12). The ratio of the globin
sequence to the control gene in the Ab-bound fraction was
quantified and normalized to that of the input material for the
IP. To generate a detailed picture of this multigene locus, a total
of 14 sequences throughout the mouse b-globin locus were
analyzed, spanning 103 kbp of genomic DNA (Figs. 3 and 4).

Histone Acetylation of the wt b-Globin Locus. Fig. 3 shows the
acetylation analysis of the locus and Fig. 4A shows the relative
enrichment for acetylated histones H4 and H3 for sequences in
the normal mouse b-globin locus. The analysis reveals regions
with different levels of acetylation for both H3 and H4 through-
out the locus. Sequences at and flanking the LCR (amplicons
2–5) show a high level of enrichment indicative of histone
hyperacetylation and the recruitment of HATs to this control
element. The increased acetylation of the LCR is also present at
two sequences flanking the LCR. The regions downstream of the
LCR, including the inactive genes Ey and bH1, as well as
the pseudogene bH0, are modestly enriched compared with the
control amylase gene (amplicons 6–9), suggesting that they are
in an intermediate level of acetylation—less than the hyper-

Fig. 1. Transcription from individual b-globin alleles in DLCR and wt mice.
RNA from mice heterozygotic for the HbbD allele (D), and the HbbS allele (S)
was analyzed from individual reticulocytes by RT-PCR. The targeted deletion
of the LCR deletion is on the D allele, whereas the S allele is wt. Representative
samples of 10-cell pools (10), single cells (1), and no-cell controls (0) from wt
DyS mice and DLCR-DyS mice are shown. WT DyS, wt DyS animals; DLCR-DyS,
mutant DLCR-DyS mice. S and D mark the RT-PCR products from the S and D
alleles, respectively.

Fig. 2. Quantitation of transcription from individual b-globin alleles in DLCR
and wt mice. The ratio of expression from the D allele to that from the S allele
for wt DyS animals (WT) or mutant DLCR-DyS mice (DLCR). Data from 10-cell
pools and individual cells are shown.
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acetylated LCR but higher than the amylase gene, which is
hypoacetylated in erythroid cells (12).

The actively transcribed b-major and b-minor genes show
stronger enrichment of histone acetylation than the inactive
genes, suggesting that they reside in chromatin that is hyper-
acetylated for histones H3 and H4 at levels comparable to the
LCR. This localized hyperacetylation was detected at the major
and minor promoters (amplicons 10 and 13) and at the 39 end of
the major gene (amplicon 11), indicating that the promoter and
the gene are hyperacetylated. However, this hyperacetylation
seems to be limited to the genes themselves, because the
intergenic region between major and minor (amplicon 12)
displays only a modest level of acetylation. In summary, our
analysis of the wt murine b-globin locus from anemic spleen
reveals hyperacetylation for histones H3 and H4 localized to the
LCR and the active genes, whereas the intervening regions show
a reduced level of acetylation.

Histone Acetylation of the DLCR b-Globin Locus. To determine
whether the acetylation pattern of the wt locus depends on the
LCR, we analyzed mice containing a targeted deletion of the
LCR. Mice homozygous for the LCR deletion die during em-
bryogenesis but can be rescued by breeding in a human b-globin
yeast artificial chromosome (YAC) transgene (6, 26). The acet-

ylation pattern of these DLCR homozygous mice was analyzed at
the identical set of sequences used in the analysis of wt mice, with
the exception of two (amplicons 3 and 4), which reside in the
deleted LCR (Figs. 3 and 4B). The remaining LCR-proximal
amplicons reside immediately upstream or downstream of the
deletion. Although both of these LCR sequences displayed
hyperacetylation in the wt mice, they displayed a low level of
acetylation on deletion of the LCR, suggesting that the hyper-
acetylation of LCR-proximal chromatin depends on sequences
at the LCR.

As in the wt locus, the region between the LCR and the major
and minor genes shows a lower level of enrichment. However, the
relative enrichment at all four sequences (amplicons 6–9) is
modestly reduced (2-fold) in the LCR deletion compared with
the normal allele, indicating that the absence of the LCR leads
to a reduced level of acetylation in this region.

Remarkably, even in the b-globin LCR-deletion allele, the
chromatin at the major and minor genes displays a localized peak
of acetylation indistinguishable from the highly expressing wt
allele. The localization of the hyperacetylated subregion is
similar, as is the relative level of enrichment for histones H3 and
H4. This result has two implications: (i) The LCR, although
required for full transcriptional activation of the appropriate
promoters in the mouse locus, does not establish the degree of
histone acetylation of these genes, and (ii) the level of acetylation
at the mouse major and minor genes does not correlate with
an activated level of transcription, but rather with transcription
per se.

Discussion
Little is known about how distal cis-acting sequences such as
enhancers and LCRs influence the sequential changes in chro-
matin structure and promoter activation leading to high levels of
gene expression (27). Previously, we showed that the endoge-
nous mouse b-globin LCR is not required for an open chromatin
structure of the globin locus, but is necessary for high expression
of the globin genes (6). To understand the mechanism by which
the LCR activates expression at the endogenous mouse b-globin
locus in vivo, we have performed an analysis of core histones H3
and H4 acetylation throughout the locus and analyzed the
expression from individual alleles in the presence and absence of
the LCR.

Histone Acetylation and LCR Function. The modification of histones,
especially acetylation and deacetylation, is involved in regulating
chromatin structure and gene expression (24, 25). The associa-
tion of histone hyperacetylation and gene activity in several
systems has led to the suggestion that the recruitment of HAT
activity to a promoter is a rate-limiting step in transcriptional
activation. Consistent with this suggestion, we observe localized
hyperacetylation at the LCR and at the highly expressed genes
of the wt locus, indicating the recruitment of HAT activity to the
LCR and the active genes. In contrast, the initial examination of
acetylation of the avian b-globin locus with a non-histone Ab
against acetylated lysine revealed a locuswide and uniform level
of hyperacetylation (28). However, a more recent analysis of the
avian locus with Abs specific for acetylated histones H3 and H4
revealed localized hyperacetylation of regulatory elements and
active genes (18), similar to the mouse locus.

We and others have proposed that the LCR is required for
hyperacetylation of the b-globin genes (12, 20). Yet, our analysis
of the mouse LCR deletion allele reveals that core histone
hyperacetylation of the active b-globin genes is LCR indepen-
dent. Because the Abs used in the analysis of the murine locus
are not directed against specific H3 or H4 lysine residues, we
cannot exclude the possibility that deletion of the LCR affects
the pattern of acetylated lysines without changing the overall
level of H3 andyor H4 hyperacetylation.

Fig. 3. Analysis of histones H3 and H4 acetylation across the wt and DLCR
mouse b-globin locus. Chromatin was immunoprecipitated with an Ab that
detects all acetylated variants of histone H4 [aH4-Ac] and an Ab that detects
acetylated lysines 9 and 14 of histone H3 [aH3-Ac]. Abundance of the mouse
globin sequence was detected relative to the mouse amylase gene, which is
hypoacetylated in erythroid cells (12). Duplex PCR was performed on the input
and Ab-bound fraction from the chromatin IPs by using amylase- and b-
globin-specific primers. In each set, the amylase amplification product is
marked with an asterisk. The b-globin amplicons are numbered in 59 to 39
direction of the locus. Locations of the amplicons in the locus are shown in Fig.
4 and primer sequences are listed in Table 1. Quantification of the ratio of
globin to amylase is pictured in Fig. 4 and reveals up to 25-fold enrichment of
globin sequences in the bound fraction. The figure shows the amplification
products from one of three independent experiments.
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We have shown previously that b-globin-promoter remodeling
occurs in the absence of the LCR (6). Thus, promoter hyper-
acetylation and remodeling do not correlate with the level of
transcription, and the LCR is not necessary for the recruitment
of HATs to the promoter and transcribed sequences. These
processes must therefore depend on specific non-LCR se-
quences, or are a direct consequence of an open chromatin
domain in an erythroid milieu. Such sequences may reside
upstream of the LCR, potentially in the regions of homology
with the human locus that are absent in the various deletion
thalassemias (29). It has been suggested that the reduced acet-
ylation in the region between the LCR and the active genes in
the wt mouse globin locus is indicative of hypoacetylated chro-
matin (20). Our data suggest rather that these sequences are in
an intermediate or ‘‘basal’’ state, lower than the hyperacetylated
genes and the LCR but still enriched compared with a gene that
is not expressed in erythroid cells (amylase). Although deletion
of the LCR does not affect acetylation at the b-major and -minor
promoters, this deletion does result in a strong reduction in
acetylation proximal to the LCR and a small but reproducible
reduction at the sequences further downstream. Thus, the LCR
might affect not only histone acetylation at sequences proximal
to the LCR proximal sequences, but also at those between the
LCR and the active genes.

In our recent study of the human b-globin locus, we also
observed localized hyperacetylation of the LCR and the active
gene in the wt locus, but only for histone H3 (12). Our results
from the mouse locus do not suggest a histone H3 preference of
the recruited HAT activity, and these results are consistent with
a recent analysis of murine fetal liver at a developmental stage,
in which the adult genes are expressed (day 14.5 after concep-
tion; ref. 20). This consistency of results during different stages
of development suggests that the acetylation we observe is
typical of mouse erythroid cells expressing the adult b-globin
genes.

In our analysis of the human locus in cell lines, promoter
hyperacetylation was not observed in the absence of the LCR
(12). Of note, no transcription is detected in the absence of the
LCR in the human locus, whereas the mouse locus shows

low-level transcription in the absence of the LCR (4–6). Thus,
promoter hyperacetylation might reflect transcription per se,
rather than correlate with the level of transcription. In the case
of the mouse locus, gene proximal sequences may be sufficient
to mediate this low-level transcription. Our results do not
exclude the possibility that histone acetylation can be a rate-
limiting step in the process of transcriptional activation of the
mouse globin genes, but indicate that the LCR acts subsequent
to promoter hyperacetylation.

Rate vs. Binary Enhancement of Transcription. Work from several
systems, including targeted deletion of cis-acting elements from
endogenous loci (30, 31), suggested that enhancers and LCRs
work primarily by affecting the probability that a gene is
expressed (binary model), leading to the prediction that deletion
of the LCR would result in a decrease in the number of alleles
that are expressed. The binary model predicts that the low level
of expression detected in the absence of the LCR would result
from a low percentage of alleles expressing at wt levels (jack-
pots), whereas the majority of alleles are transcriptionally silent.
Previous analysis, using a chromosome-transfer system, deter-
mined that a targeted deletion of the murine b-globin LCR led
to moderate and variable levels of expression in a human cell
line, and no jackpot cells were observed (4). However, this
trans-species chromosome transfer system does not allow for
passage through the germline, and the pattern of epigenetic
modifications of the locus in tissue culture cells may not reflect
those seen in a physiologically normal situation. Thus, we
examined reticulocytes of mice after the LCR deletion was
passed through the germline for several generations. Expression
from the DLCR allele is low in single cells and is comparable to
that observed in the analysis of bulk populations. Expression is
remarkably uniform, and no jackpot cells or nonexpressing cells
are observed. Although statistically it is impossible to rule out
the possibility of rare jackpot cells or nonexpressing cells, the
vast majority of alleles homogeneously express a low level of
b-globin mRNA, which accounts for the low basal level of
expression observed in the bulk RNA analysis. Our single-cell
analysis, in conjunction with our hyperacetylation and chromatin

Fig. 4. Quantification of duplex PCR results. Position of amplicons in the b-globin locus and quantification of chromatin IP results. The ratios of products
obtained with the b-globin and amylase primers were determined for each input and Ab-bound sample for the wt and DLCR locus. The ratio for the bound
fraction is normalized to the input to determine the relative level of enrichment. Enrichment of the globin sequences is reflected by a number .1. The x axis
is drawn at 1, reflecting no enrichment. Shown are the averages of enrichment with standard deviation from three independent IPs.
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data, is consistent with the majority of cells having a homoge-
neous phenotype in regard to transcription, histone acetylation,
and chromatin structure: (i) low level basal transcription, (ii)
hyperacetylation and promoter remodeling of the appropriately
developmentally expressed genes, and (iii) an open chromatin
structure of the b-globin domain. Thus, the primary effect of the
LCR at the endogenous locus in vivo is to stimulate the rate of
transcription rather than to increase the probability that a
specific allele is expressed.

Our results do not contradict a binary model for LCR or
enhancer function, but rather suggest that these elements have
several activities that may be context-dependent. Several studies
leading to the binary model involved transgenes stably integrated
at random ectopic genomic sites (32). At sites where the trans-
gene integrates into a silenced chromatin domain, the enhancer
must lead to the opening of the domain, and this property may
occur in a binary manner. For example, enhancer activation of
transgenes is associated with a relocalization away from areas of
pericentric heterochromatin in the nucleus, and this may lead to
an open DNaseI-sensitive and hyperacetylated chromatin struc-
ture (8). Once an open active structure is achieved, enhancers
and LCRs may act primarily to alter the rate of expression.
Consistent with this model, the addition of enhancer constructs
at ectopic genomic sites, which are in an open chromatin
conformation in the absence of an enhancer, affects only the rate
of transcription (9). Thus, at the endogenous mouse b-globin
locus, where an open structure is present even in the absence of
the LCR, the major role for the LCR is to convert basal
transcription to activated transcription.

A Model for b-Globin Activation. Taken together, these results
suggest a model of sequential activation of the b-globin locus in
which promoter remodeling and gene hyperacetylation lead to
uniform low-level (basal) transcription and precede LCR-
mediated high-level (activated) transcription. The interdepen-
dence of this acetylation and chromatin remodeling is not
known, but neither is sufficient to enhance expression. The
temporal order of molecular events leading to transcriptional

activation is still poorly understood; however, in the few cases in
which an endogenous locus was studied, HAT recruitment to a
promoter has been shown to be critical for transcription and to
occur before polymerase initiation (13–16). The LCR may be
necessary for modifying or recruiting new components to the
remodeled and hyperacetylated promoter, or for additional
chromatin modifications of the locus not detected here.

Alternatively, LCR activity might occur subsequent to tran-
scriptional initiation. Transcriptional pausing is a general rate-
limiting step after polymerase initiation, and various activators,
enhancers, and LCRs are known to increase elongation effi-
ciency. For example, we have shown previously that the 39Ca IgH
LCR activates c-myc gene expression by overcoming promoter-
proximal polymerase pausing (33, 34). Thus, the b-globin LCR
may convert expression from a basal to an activated state by
increasing the elongation efficiency of transcription initiated at
the b-globin promoters. Unfortunately, the viability of homozy-
gous DLCR mice depends on the presence of a human b-globin
transgene, and the high sequence similarity between the mouse
and human b-globin genes excludes the use of standard tech-
niques to detect paused polymerases. However, regardless of the
potential mechanisms of LCR-dependent gene activation, our
results indicate that this activation is independent of HAT
recruitment to the promoter. Further elucidation of how the
LCR elevates the rate of transcription will require the determi-
nation of the components and modifications of the proteins
bound to the promoter in the presence and absence of the LCR.
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