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ABSTRACT In mouse and human, the (B-globin genes
reside in a linear array that is associated with a positive
regulatory element located 5’ to the genes known as the locus
control region (LCR). The sequences of the mouse and human
B-globin LCRs are homologous, indicating conservation of an
essential function in B-globin gene regulation. We have se-
quenced regions flanking the B-globin locus in both mouse
and human and found that homology associated with the LCR
is more extensive than previously known, making up a con-
served block of ~40 kb. In addition, we have identified
DNasel-hypersensitive sites within the newly sequenced re-
gions in both mouse and human, and these structural features
also are conserved. Finally, we have found that both mouse
and human g-globin loci are embedded within an array of
odorant receptor genes that are expressed in olfactory epithe-
lium, and we also identify an olfactory receptor gene located
3’ of the B-globin locus in chicken. The data demonstrate an
evolutionarily conserved genomic organization for the f-glo-
bin locus and suggest a possible role for the 3-globin LCR in
control of expression of these odorant receptor genes and/or
the presence of mechanisms to separate regulatory signals in
different tissues.

In mammals, the multiple B-globin genes reside in a linear
array that reflects their developmental order of expression.
Examination of naturally occurring deletions of the human
B-globin locus, and experiments in transgenic mice, have
defined a locus control region (LCR) that acts as a powerful
erythroid-specific positive regulatory element (1-3). In hu-
mans, the LCR has been defined as a 20- to 25-kb region
beginning ~10 kb upstream of the embryonic B-globin gene
(=50 kb upstream of the adult p-globin gene). The LCR
includes five major DNasel-hypersensitive sites (HSs) that
map to regions that contain binding sites for both general and
erythroid-specific transcription factors. The binding of such
factors is believed to alter chromatin structure to generate the
local HSs within the LCR and also to propagate more long-
range structural changes including the formation of an exten-
sive nuclease-sensitive region along the entire locus. The HS
sequences are highly conserved among mammalian species
from human to mouse, suggesting that they perform an
essential function in regulating gene expression from the
B-globin locus (1).

The naturally occurring Hispanic deletion, which removes
HS2-5 of the human LCR and 25 kb of DNA further 5’, results
in a complete loss of B-globin gene expression and the
abrogation of the nuclease-sensitive structure in erythroid cells
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(4). Recently, targeted deletions of HS1-6 of the mouse
B-globin LCR and HS2-5 of the human LCR were accom-
plished (5, 6) (see Fig. 1). These deletions were associated with
complete loss of B-globin gene expression from the human
locus and a significant reduction of transcription from the
mouse locus. Nuclease sensitivity within both B-globin loci was
maintained, however, which suggests that important regula-
tory sequences, in addition to the LCR, contribute to this
function.

Regions possessing functions analogous to those of the
B-globin LCR have been identified within a number of gene
loci, including the chicken lysozyme gene (7), the human
adenosine deaminase gene (8), the human Ig heavy chain locus
(9), the T cell receptor «/8 locus (10), and many others. Within
multiple-gene arrays, such as the B-globin locus, the TCR «/6
locus, and the red-green opsin locus, it has been suggested that
LCRs may also function to ensure that only one gene is
expressed at any given time (10-12). However, it has been
shown that the developmental pattern of expression of specific
B-globin genes is maintained in the absence of the LCR (5, 13).
Thus, transcription of a single gene from within a linked array
may represent a decision made independent of, but amplified
by, the LCR.

In this study, we have sequenced 30.6 kb of genomic DNA
5',and 54.5 kb of DNA 3’, to the previously published -globin
sequences in mouse, along with 36 kb of DNA 5’ to the
published sequences within the human B-globin locus (Fig. 1).
The new sequence reveals that the regions of conservation
associated with the mouse and human B-globin LCRs extend
considerably farther than previously recognized. We have also
identified conserved DNasel-hypersensitive sites in both
mouse and human. The data suggest that the B-globin LCR
may be larger and more complex than has been thought.

In addition, we have found that the B-globin locus is
surrounded by genes encoding olfactory receptors expressed in
mouse olfactory epithelium. In mice, the family of odorant
receptor genes consists of about 1,000 members distributed in
large linked arrays present on each of the autosomes (14-16).
Despite this large number, each individual olfactory neuron
expresses only a single receptor gene (17). Little is known of
how this pattern of gene regulation is accomplished. One
model suggests that an LCR could be responsible for the
activation of a specific array and may also govern the expres-
sion of one gene from within the cluster. However, LCRs have
not yet been identified within the multiple loci encoding

Abbreviations: LCR, locus control region; HS, hypersensitive sites;
PIP, percent identity plot; ORG, olfactory receptor genes.

Data deposition: The sequences reported in this paper have been
deposited in the GenBank database (accession nos. AF133300,
AF128269, AF137131, and AF137396).
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Fi6. 1. Mouse (Upper) and human (Lower) B-globin loci. The cap sites of the human e-globin gene and of the mouse Ey gene are set as +1.
Sequences reported here are represented by a wider horizontal bar. Globin genes are represented by filled arrows, olfactory receptor ORFs by
shaded arrows, and pseudogenes by filled or shaded boxes. HSs are shown as vertical arrows. The lengths of the arrows illustrate the relative
intensities of the HS that they represent; the arrow indicating mouse 5" HS7 is lighter to indicate that this site is still hypothetical. The lower, filled
lines for both mouse and human loci designate repetitive elements. Horizontal arrows pointing outward from these sequences indicate the presence
of additional olfactory receptor ORFs located beyond the regions shown here. Brackets beneath the sequences show the extent of deletions within

the B-globin locus that are discussed in the text.

olfactory receptor genes. Our results raise the possibility that
the B-globin LCR may also play a role in regulating transcrip-
tion of some odorant receptor genes, and/or that elements in
or near the LCR may insulate regulatory elements of the two
gene families.

MATERIALS AND METHODS

Clones containing 3-globin-flanking sequences were obtained
from several sources. For mouse 5’ and 3’ sequences, clones
used included a 15-kb insert from a 129Sv mouse library
derived from AK-7 embryonic stem (ES) cells (18) and inserts
derived from two P1 clones isolated from a 129Sv mouse
library (Genome Systems). Human sequences 5’ of the LCR
were derived from a A phage library (19) and from a P1 clone
(Genome Systems, St. Louis). Smaller inserts were subcloned
into pBluescript KS II (+) or SK II (+) vectors by standard
methods. Sequencing was done by using dye terminators and
universal or custom-synthesized primers on an ABI 377XL
automated sequencer. Both strands of all regions were se-
quenced at least once. Repetitive elements were identified by
using the RepeatMasker2 web server (http://ftp.genome.wash-
ington.edu/cgi-bin/RepeatMasker).

The generation of percent identity plots (PIPs) was as
described (20). Phylogenetic analysis of olfactory receptor
sequences was performed by using the programs CLUSTALX
and NJTREE-UNROOTED. A full description of the receptor
genes used in generating the tree is available on request.

DNasel-HS mapping was performed as described (4). The
probes used were restriction enzyme fragments as described in
the figure legend. In situ hybridization was performed as
described (21) using full-length odorant receptor clones as
templates to synthesize digoxygenin-labeled cRNA probes.

RESULTS AND DISCUSSION

Extending the B-Globin LCR: Additional 5' HSs. The
previously published sequences of the 3-globin loci of mouse
and human reveal that whereas the globin gene coding regions
are conserved, the intergenic regions are divergent, with
limited exceptions (data not shown). In contrast, the LCR,
located 5’ of the globin genes, is composed of regions of high

sequence similarity between mouse and human along nearly all
of the nonrepetitive DNA sequences, including the five con-
served DNasel HSs (1). Our new sequencing allows us to
determine how far this conservation actually extends. By using
PIP analysis, significant sequence homology is evident for ~20
kb upstream of the previously published sequences (Fig. 24).
Of interest, the homology ends near the 5’ breakpoint for the
naturally occurring Hispanic deletion within the human B-glo-
bin locus. No additional conservation is seen along the >10 kb
of available sequence farther 5’ of this point in human and
mouse.

Recently, we sequenced and characterized the most 5’
DNasel-HSs of the mouse LCR (18). In that study, we
identified the mouse sequence homologous to human 5" HSS,
but this region was associated with a very weak HS. A more
intense HS was observed farther 5', corresponding to a se-
quence with no known homologue in human, and was termed
5" HS6. The newly determined human sequence includes a
region 5" of HS5 with homology to mouse HS6 (Fig. 24). To
determine whether a homologue of mouse 5" HS6 exists in
human, we have mapped HS in this region by DNasel digestion
of nuclei from human fetal liver (Fig. 34). Our analysis reveals
two HSs located approximately 6 and 12 kb 5" of human HSS.
The site closest to 5" HS5 maps to the human sequence that is
homologous to mouse 5’ HS6, and thus we term this site
human 5’ HS6. The other site, which we term 5" HS7, maps to
another region in human that shows homology to mouse (Figs.
2A and 34). Neither site is evident in a DNasel digestion series
of nuclei from human fetal brain (data not shown), indicating
that these sites are not indicators of a chromatin structure
present in all cell types.

The observed degree of sequence and structural conserva-
tion suggests that erythroid regulatory sequences 5’ of the
B-globin locus may be more extensive than previously thought
and may effectively double the known size of the LCR. This
could provide an explanation for recent experiments involving
deletions of the mouse and human LCRs. A targeted deletion
limited to 5" HS2-5 of the human LCR results in a drastic loss
of globin gene expression, but does not abrogate generalized
nuclease sensitivity (6). Moreover, the remaining 5" HS1 is
retained in a hypersensitive state in erythroid cells. In contrast,
the naturally occurring Hispanic deletion within the human
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F1G. 2. PIP analyses of mouse and human sequences. (4) PIP of the region 5’ of the B-globin LCR. The mouse sequence is represented at the
top, and the percent identity of gap-free aligning segments from human is plotted beneath. The odorant receptor genes MOR5’B1 and MORS5'32
are indicated as boxes, and repetitive elements shown as triangles. The positions of HSs and the 5" breakpoint of the human Hispanic deletion are
indicated. Distance from the hypothetical Ey cap site in kb is shown on the bottom. For reference, the homologous human sequences that give rise
to the alignments shown here correspond to HOR5’B1 and HORS' 82 and surrounding regions as shown in Fig. 1. (B) PIP of the region of homology
3’ of the B-globin genes. The mouse sequence is represented at the top, with comparison made to the human 3’ HS1 sequence (24). The A/T-rich

region is indicated by the shaded box.

B-globin locus, which involves an excision of 5" HS2-5 and an
additional 20 kb upstream of the LCR including the newly
identified HS 6 and 7, results in a complete loss of B-globin
gene expression, a loss of generalized nuclease sensitivity, the
absence of hypersensitivity at the remaining 5’ HS1, and a
transition from early to late replication in of the B-globin locus
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in erythroid cells (4). The different phenotypes of the two
deletions suggest that the additional conserved sequences
included in the Hispanic deletion might contribute to the
regulation of the B-globin locus.

The newly determined human sequences also reveal a lack
of conservation in comparison to the rabbit -globin LCR (22).
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F1G. 3. DNasel-HS mapping within the newly sequenced p-globin-flanking regions. (4) Mapping of human 5’ HS6 and 5" HS7. A Southern
blot of an EcoRI-digested DNase series prepared from human fetal liver was hybridized with a probe corresponding to an EcoRI/Eco01091
restriction fragment located at —23.4 to —22.8 kb. Arrows indicate DNasel subbands evident on the autoradiogram and their corresponding positions
on the human sequence represented below it. Filled regions on the diagram indicate significant (>50% identity) homology to mouse sequence,
as shown in Fig. 2. (B) DNasel-HSs located 3’ of mouse B-globin genes. A Southern blot of an Sphl-digested DNase series prepared from
phenylhydrazine-treated mouse spleen was hybridized with a probe corresponding to an Accl/Nsil restriction fragment located from +69.9 to

+70.5 kb.
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In rabbit, the regions that would correspond to 5" HS5 and 5’
HS6 are absent, although extensive homology with regions
both 5" and 3’ of human HS5 and HS6 is maintained (data not
shown). The deletion of this region in rabbit could indicate that
5" HS5 and 5" HS6 are nonessential for 8-globin gene expres-
sion, which would be consistent with the observation that a
deletion of this region in mouse has little measurable pheno-
type (18). It is possible, however, that rabbits have acquired an
additional alteration within or near the locus that compensates
for the absence of HSS and HS6.

HSs 3’ of the B-Globin Locus. The extensive sequence and
structural conservation between human and mouse 5’ of the
previously defined LCRs prompted us to examine the possi-
bility of additional conservation 3’ of the B-globin locus as well.
Previous studies have identified a nuclease-HS located ~20 kb
3" of the adult B-globin gene in humans, termed 3’ HS1 (23).
Analysis of the mouse sequence 3’ of the B-globin locus reveals
a region located 21 kb downstream of B-minor that is homol-
ogous to human 3’ HS1 (Fig. 2B), consisting of two conserved
sequence blocks separated by a shared AT-rich region. Fine
structure mapping of the human 3’ HS1 previously demon-
strated three distinct HSs in the region (24), all of which map
to the sequences conserved between mouse and human.

We therefore asked whether these sites are also retained in
mouse erythroid chromatin. DNasel digestion of nuclei from
mouse erythroid tissue reveals three HSs corresponding to the
regions of homology with human (Fig. 3B). Although the
5'-most site is weak in these assays, the data indicate a further
conservation of sequence and chromatin structure down-
stream of the B-globin gene. The function of these HSs is
unknown. The region revealed no enhancer activity in tran-
sient transfection assays (24), although its potential activity in
other assays has not been fully examined. Still, the conserva-
tion of these sites between mouse and human suggests that they
may have a common regulatory role.

A Functional Olfactory Receptor Gene Cluster Surrounding
the B-Globin Locus. Sequencing of the regions 5’ and 3’ of the
B-globin locus in mouse and 5’ of the 3-globin locus in human
reveals the presence of several ORFs corresponding to olfac-
tory receptor genes (ORGs) (Fig. 1). We find five ORGs 5’ of
the B-globin LCR in mouse and three in human. We also find
five ORGs 3’ of the B-globin genes in mouse, whereas two are
known to exist in human from analysis of the breakpoints of
naturally occurring deletions known as HPFH-1 and HPFH-6
(25). Among these ORFs, the human HORS'B2 and HPFH-6
sequences are pseudogenes on the basis of several missense
and nonsense mutations that prevent the translation of a
functional receptor molecule. All of the other genes we have
identified in mouse and human encode full-length receptors,
indicating that the mammalian B-globin loci are embedded
within a cluster of genes encoding odorant receptors.

Olfactory receptors are characterized as seven-transmem-
brane G protein-coupled receptor molecules expressed in
sensory neurons of nasal epithelium (14), although expression
in other tissues has been documented. Odorant receptors are
encoded by a large family of genes that in the mouse consists
of ~1,000 members (14, 15) that usually reside in large linked
arrays containing up to 30 genes (16). In humans, these arrays
have been found on nearly all of the autosomes (26). Olfactory
receptor clusters have been mapped to both human chromo-
some 11 and mouse chromosome 7, on which the B-globin
genes reside (26-28). None of the genes we have found in
proximity to the B-globin locus, however, corresponds to the
receptors identified in these studies.

Sequence analysis of the B-globin-proximal ORGs reveals
that they share greater homology to each other than to any
other known full-length receptor genes, with the exception of
an ORG from rat termed RAlc (29). We have performed a
phylogenetic analysis of the B-globin-proximal ORGs from
mouse and human along with 82 published full-length ORG
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sequences (Fig. 4). The resulting phylogenetic tree indicates
that the newly identified receptor genes, along with those
found near the HPFH breakpoints and the rat RAlc receptor,
define a highly divergent group of olfactory receptor families
with a closer relationship to receptors from fish than to other
mammalian or avian receptors. It will be interesting to deter-
mine whether the RAlc receptor gene is located near the rat
B-globin locus.

The presence of orthologous clusters of odorant receptor
genes proximal to the B-globin locus in both mouse and human
raises the question of whether this arrangement is conserved
among other vertebrates. We find an odorant receptor gene
located 7.1 kb downstream of the 3" end of the chicken e-globin
gene, which is the most downstream gene in the chicken
B-globin locus (data not shown). This receptor, termed
COR3'B, belongs to the same group of olfactory receptors
composing the mammalian B-globin-proximal ORGs (Fig. 4).
The presence of this gene adjacent to the chicken B-globin
locus indicates that the genomic organization of this olfactory
receptor cluster and the B-globin genes precedes the diver-
gence of both birds and mammals from reptiles.

In olfactory sensory neurons, olfactory receptors are local-
ized to a specialization of the dendrite where they interact with
odors in the environment and transduce odorant binding into
alterations in membrane potential (30). Within the olfactory
epithelium, four spatially defined domains have been identi-
fied in a dorsal/ventral dimension, such that a given odorant
receptor is expressed in only one of four domains (31-32).
Within a given domain, however, neurons expressing a given
receptor appear to be randomly dispersed. Moreover, a given
olfactory sensory neuron expresses only one odorant receptor
gene (17). A small subset of ORGs are expressed in tissues
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F1G. 4. Phylogenetic tree of ORGs. An unrooted phylogenetic tree
was generated by using 82 polypeptide sequences corresponding to
ORGs from human, mouse, rat, dog, gibbon, chicken, catfish, ze-
brafish, and goldfish, along with 14 of the ORGs found proximal to the
B-globin loci of human, mouse, and chicken. The genes known to be
proximal to the B-globin loci are indicated by bold type. The tree was
confirmed by 1,000 rounds of “bootstrapping.” Only intact, full-length
sequences were used in the generation of the tree. Not all of the genes
are labeled (see Materials and Methods). B2 represents the B-2-
adrenergic receptor and is shown here to indicate the likely position
of the root (outgroup). The bar corresponds to the graphical distance
equivalent to 20% divergence.
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other than the nasal epithelium, including testis (15, 33), fetal
heart (34), and notochord (35). The observation that the
B-globin cluster is flanked by ORGs prompted us to determine
whether these genes are expressed in olfactory neurons or
erythroid cells.

We have examined the expression of newly identified mouse
olfactory receptors in olfactory epithelium and fetal liver by in
situ hybridization with RNA antisense probes. Probes corre-
sponding to the 5" mouse genes, MORS'B1 and MORS'B2, as
well as the 3" genes, MOR3' 81 and MOR3' B2, reveal a pattern
of punctate staining of a small subpopulation of neurons within
the olfactory epithelium (Fig. 5). All four probes hybridize to
cells within the most dorsal domain of the nasal epithelium,
corresponding to zone 1 (31). Within zone 1, each of the probes
identifies 1-2% of the olfactory neurons. The frequency and
punctate pattern of hybridization is identical to that observed
with OR probes from genes at other chromosomal loci, and
control hybridization with sense probes reveals no specific
staining to olfactory epithelium. The MOR3’B1 probe hybrid-
ized to a single band on Southern blot analysis, whereas the
MORS'B1 probe hybridized to two bands (the 5’81 and 5’82
genes) under conditions of high stringency; because this strin-
gency is lower than that of the in situ hybridization, the
hybridization we observe results from expression of odorant
receptor genes flanking the B-globin cluster, and not from
elsewhere in the genome.

Experiments to determine whether the odorant receptor
genes flanking the B-globin locus are also expressed in ery-
throid cells reveal no hybridization to 12.5-day postcoitum
fetal liver (data not shown). This suggests that whereas the
B-globin genes are expressed in erythroid cells, the neighbor-
ing ORGs are restricted in their expression to the olfactory
epithelium. We cannot yet rule out expression of these odorant
receptor genes in other erythroid developmental compart-
ments, however.

The pattern of olfactory receptor expression, such that
individual neurons express only 1 of 1,000 receptor genes,
poses an interesting problem in transcriptional regulation of
these genes. At present, however, little data exists that might
serve to define the mechanism by which this regulation is
accomplished. One of us (R.A.) has suggested a model in
which a hierarchy of controls is exerted on the family of
odorant receptor genes to activate expression of a single gene
in each neuron. LCRs present in each cluster of odorant
receptor genes may represent one aspect of such hierarchichal
control. In this context, the expression of a single receptor in
each olfactory neuron could result from an LCR-mediated
selection of an individual gene in a cluster, subsequent to
activation of that cluster.

Another possibility is suggested by the hypothesis that
enhancers and LCRs act by mechanisms similar to those used
by silencers (36). For example, normal silencing of the MAT
locus in yeast depends on a silencer element, which serves as
a nucleation site for a repressive chromatin structure that then
spreads for considerable distances. In a similar fashion, an
LCR may serve as a nucleation site for active chromatin
structure, including the formation of a nuclease-sensitive
structure across a broad domain and also a more subtle
alteration leading indirectly to gene activation. As applied to
the problem of olfactory receptor gene expression, an LCR
might serve to potentiate a cluster of genes, whereas selection
of the gene to be expressed would be accomplished by another
mechanism, perhaps involving promoter-proximal sequences.

The observation that the B-globin LCR resides adjacent to
clusters of ORGs, and that this arrangement is evolutionarily
conserved, raises questions about possible control of olfactory
receptor gene expression by this region. Such a dual regulatory
role for a mammalian LCR has not been documented previ-
ously, and at present there is no evidence for activity of this
LCR in nonerythroid cells. It has been shown, however, that
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F1G.5. Insitu hybridization of mouse olfactory epithelium by using
B-globin-proximal odorant receptor genes as probes. Coronal sections
through the mouse nasal cavity were hybridized with digoxigenin-
labeled antisense RNA probes prepared from the odorant receptor
genes indicated (also see Fig. 1). The sections shown are oriented with
the dorsal region toward the top and ventral toward the bottom; the
nasal septum is visible down the center of each panel.

a portion of the TCR «/6 LCR is capable of driving reporter
gene expression in a wide variety of tissues in transgenic mice
(37). This observation is interesting because of the presence of
the Dad-1 gene, which exhibits a broad pattern of expression
in mice, near the endogenous TCR «/6 LCR. In addition, a
pattern of HS distinct from that seen in T lymphocytes is
observed over the TCR «/8 LCR region in several other mouse
tissues (38). These results suggest that regulatory elements for
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two sets of genes with different expression patterns are shared
or overlap.

Whether or not the B-globin LCR is active for both sets of
genes, another possibility raised by the juxtaposition of the
B-globin locus with specific olfactory receptor gene arrays is
that B-globin regulatory signals might be functionally sepa-
rated from ORGs (in erythroid cells) and olfactory receptor
gene regulatory signals from the B-globin genes (in sensory
neurons). Such a separation might be accomplished by en-
hancer-blocking elements, such as those found at the 5" end of
the chicken B-globin locus (39), and in the human T cell
receptor locus (40). A direct test of dual function or of
enhancer-blocking activity within the B-globin LCR will await
the determination of expression of odorant receptor genes in
mutant mice containing deletions within the B-globin LCR.
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