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Abstract

Odor discrimination requires differential expression of odor detectors. In fact, olfactory input to the brain is organized in units
(glomeruli) innervated only by olfactory sensory neurons that express the same odorant receptor (OR). Therefore, discriminatory
capacity is maximized if each sensory neuron expresses only one allele of a single OR gene, a postulate sometimes canonized as
the ‘‘one neuron–one receptor rule.’’ OR gene choice appears to result from a hierarchy of processes: differential availability of
the alleles of each OR gene, zonal exclusion (or selection), OR gene switching during the initiation of OR gene transcription,
and OR-dependent feedback to solidify the choice of one OR gene. The mechanisms underlying these processes are poorly
understood, though a few elements are known or suspected. For example, the mechanism of activation of OR gene trans-
cription appears to work in part through a few homeobox transcription factors (Emx2, and perhaps Lhx2) and the Ebf family of
transcription factors. Further insights will probably come from several directions, but a promising hypothesis is that epigenetic
mechanisms contribute to all levels of the hierarchical control of OR gene expression, especially the repressive events that seem
to be necessary to achieve the singularity of OR gene choice.
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Introduction

A fundamental property of sensory systems is the elaboration

of a sensor array in which the detector cells have distinct, but

overlapping, receptive ranges or fields for each dimension of

the stimulus. The differences allow distinct stimuli to be rep-

resented by unique patterns of sensor activity. The overlaps,
which may in part be evolutionary conveniences, nevertheless

ensure uninterrupted coverage of the biologically important

fraction of the stimulus dimension. In mammalian olfactory

systems, the establishment of distinct but overlapping sensors

is accomplished by the property of singularity, the expression

of a single odorant receptor (OR; also known as olfactory

receptor) by each sensory neuron. Mammals typically have

many millions of olfactory sensory neurons and ;1000 OR
genes, so a typical OR is expressed by a few thousand sensory

neurons. These sensory neurons reside in the olfactory epithe-

lium located in the back of the nasal cavity, from where they

send their axons through the cribriform plate of the ethmoid

bone to terminate in the glomerular layer of the olfactory bulb

of the brain. The singularity of OR gene expression allows the

projection of the sensor array onto the brain to be organized

into a spatial mapwhereby convergence of all sensory neurons

expressing the same OR establishes an array of units (glomer-

uli) that each represent the activity of one OR protein. Differ-

ences as small as one amino acid between ORs can result in

segregation of axons to distinct glomeruli (Feinstein and
Mombaerts 2004). Each OR can be activated by a subset

of odorants, and each odorant appears to be detected by sev-

eral ORs (Mombaerts 2004a). This organization provides an

exquisite mechanism for the formation of neural activity pat-

terns representing odor quality, in essence a spatial map of the

activation of ORs. This map appears to be the primary basis

of most odor discrimination (Fleischmann et al. 2008), a pro-

cess capable of distinguishing odorants as similar as enan-
tiomers. Obviously, this organization is wholly dependent

on the regulation of OR gene expression, a property of olfac-

tory sensory neurons that continues to be one of the great

mysteries of the olfactory system.

ORs are the largest family of mammalian genes. Among

sequenced mammalian genomes, the number of functional

OR genes ranges from ;384 in humans to ;1284 in rats
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(Zhang and Firestein 2009). Mammals have two major types

of OR genes. Class I OR genes are recognizably similar to

fish ORs and are therefore thought to be of a more primitive

origin than the larger group of Class II ORs genes, which

appear to have evolved later. Though they have no sequence
similarity, Class I and Class II ORs belong to the same sub-

family of G protein–coupled receptors.

As is commonly the result of gene duplications giving rise to

large gene families, the OR genes occur in clusters. Clustering

of OR genes does not appear essential to the choice of which

OR gene is expressed, though there are correlations between

OR gene clusters on chromosomes and zonal expression pat-

terns, such as the clustering of Class I OR genes and their
nearly exclusive expression in the dorsal region of the olfac-

tory epithelium (Zhang and Firestein 2007). Instead, OR gene

choice appears to be driven primarily by mechanisms that

treat each OR gene individually. For example, OR genes that

are sensitive to the absence of the homeobox transcription

factor Emx2 are found in the same chromosomal clusters

as OR genes that are insensitive to the absence of Emx2

(McIntyre et al. 2008).
The phenomena that act at the level of individual OR genes

and contribute to the singularity of OR gene expression in-

clude monoallelic expression, position within the epithelium

(zonality), random switching during the initiation of OR

expression, and feedback mediated by the appearance of

a functional OR protein. Monoallelic expression is a random

mechanism discovered soon after the first OR genes were

identified (Chess et al. 1994). Similarly, zonality was appar-
ent in the first in situ hybridization experiments, where

expression of each OR was detected in zones restricted in

the dorsoventral axis (Ressler et al. 1993; Vassar et al.

1993). Its consistency across individuals argues that overall

it is a nonrandom, deterministic process. OR gene choice

within a zone has a strong random component, however, be-

cause the initial selection from the available OR genes and

the subsequent switching of the initiation of OR gene tran-
scription are largely random processes (Shykind et al. 2004).

Switching appears to be important for eliminating expres-

sion of OR pseudogenes encoding nonfunctional OR pro-

teins. Finally, OR-dependent feedback locks in expression

of one OR gene to the exclusion of all other OR genes

(Serizawa et al. 2003; Feinstein et al. 2004; Lewcock and

Reed 2004; Shykind et al. 2004).

The full diversity of the sensor array therefore appears to
be achieved by a hierarchy of processes, some random and

others deterministic, that result in the singularity of OR gene

expression (Figure 1). The idea of hierarchical control was

stimulated by the discovery of monoallelic expression of

OR genes (Chess et al. 1994) but is supported by other argu-

ments as well. For example, the deterministic framework of

the zonal restriction of OR expression appears to constrain

the random processes, such as OR gene switching (Shykind
et al. 2004), that result in the singularity of OR gene expres-

sion. At all levels of this proposed hierarchy, the mechanisms

involved are incompletely known, if identified at all. In this

perspective review, I discuss results and make speculations

relevant to understanding how an olfactory sensory neuron

chooses to express a single allele of just one OR gene. For

broader treatments of ORs, olfactory sensory neurons, the

axonal wiring of the olfactory system, and the encoding of
odor signals, I refer the reader to several recent reviews (Reed

2004; Mombaerts 2004a, 2004b, 2006; Imai and Sakano,

2008a, 2008b; Fleischer et al. 2009; Reisert and Restrepo

2009; Zhang and Firestein 2009).

Monoallelic expression

The first events that contribute to OR gene choice are prob-

ably those that underlie the monoallelic expression of ORs

(Figure 1). The distinction of OR alleles appears to be estab-
lished in early development, soon after the embryo passes

through the morula and blastula stages, by differential epi-

genetic marking of the alleles (Takagi and Oshimura 1973;

Figure 1 A hypothetical hierarchy of the regulation of OR gene expression.
This diagram speculates an order of events that gradually restrict the OR
genes available for expression. The earliest event appears to be differential
marking of OR alleles, the random silencing of one allele of each OR gene,
whereas the other allele is maintained in an available state. This would halve
the number of OR alleles available for expression. Once the olfactory
placode elaborates into the olfactory epithelium, zonal exclusion or selection
might further restrict the number of OR loci available for expression. As the
olfactory epithelium expands and begins to form immature neurons,
transcriptional processes in the immature neurons select from the available
OR loci and initiate OR gene transcription. OR gene selection is not yet fixed;
random switching may still occur. If the OR protein made from the selected
OR gene is not functional (or at least full length), this switching process
continues. Whether further restriction of the available OR genes is
continuing during this period is difficult to predict. At some point, the
successful expression of an OR triggers a feedback process that results in the
solidification of expression of this one OR allele and the apparent repression
of all other OR gene loci. Dashed lines represent conditional events that may
not occur in every developing olfactory sensory neuron.
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Kitsberg et al. 1993; Chess et al. 1994; Simon et al. 1999;

Mostoslavsky et al. 2001). Although the details of the epige-

netic mechanisms that allow monoallelic expression of auto-

somal monoallelically expressed genes are incompletely

understood, all monoallelically expressed genes, including
OR genes, are replicated asynchronously (Cedar and Berg-

man 2008). The allele that is more available for expression is

replicated early, the less available allele is replicated late. The

selection process that distinguishes the alleles is random and

tends to act at the chromosome level. For example, the alleles

of OR genes on the same chromosome show coordinated

replication; all either early or late (Singh et al. 2003). Once

established, asynchronous replication is maintained through
cell divisions, arguing that the monoallelism of OR gene ex-

pression is established prior to the development of the olfac-

tory epithelium, thereby silencing one allele of each OR gene

so that the selection of an OR gene for expression results in

the expression of just one allele. Alternative explanations

where both alleles are equally available such that both the

monoallelic and monogenic properties of OR gene choice

are achieved in one step would require that each sensory neu-
ron either silences or ignores one allele when it initiates tran-

scription of the selected OR gene. These alternatives are also

counter to the evidence, albeit circumstantial, that OR alleles

are similar to other monoallelically expressed autosomal

genes (Takagi and Oshimura 1973; Kitsberg et al. 1993;

Chess et al. 1994; Simon et al. 1999; Mostoslavsky et al.

2001). Although it might also be possible that nascent sen-

sory neurons or basal progenitor cells of the olfactory epi-
thelium transiently relieve the early embryonic epigenetics

believed to discriminate the alleles of monoallelically ex-

pressed genes (Cedar and Bergman 2008), parsimony argues

that previously established allelic distinctions would be

maintained. Therefore, each sensory neuron is probably

born with one randomly determined allele of each OR gene

that is more available for transcription than the other allele.

Note that thoughmonoallelic expression accurately predicts
asynchronous replication, the converse prediction is not reli-

able. Confirmation of monoallelic expression of OR genes

predicted by asynchronous replication was therefore neces-

sary and came first from reverse transcriptase–polymerase

chain reaction of polymorphic alleles from limiting dilutions

of isolated olfactory sensory neurons and subsequently from

images of OR allele pairs that expressed different reporter

genes (Chess et al. 1994; Strotmann et al. 2000; Shykind 2005).
Why is monoallelic expression fundamental to OR gene

choice? If the preservation of unambiguous sensor types is

the primary selective force on the mechanisms controlling

OR gene expression, the likely answer is that monoallelic ex-

pression prevents olfactory sensory neurons from expressing

two ORs that are very similar in sequence but might differ in

their agonist profiles.

The mechanism underlying the monoallelism of OR gene
expression is not known. However, monoallelic expression is

common, with perhaps as many as 5–10% of all autosomal

genes are monoallelically expressed (Gimelbrant and Chess

2006; Gimelbrant et al. 2007). Hypothesizing that ORs share

a mechanism with other monoallelically expressed autoso-

mal genes seems more reasonable than the alternative that

an olfactory-specific mechanism exists. Though incompletely
understood, several mechanisms are known to be important

to one or more of the three types of monoallelic regulation

(X-inactivation, imprinting, and random monoallelic expres-

sion of autosomal genes). These mechanisms include long non-

coding RNAs that help discriminate the alleles, recruitment of

Polycomb complexes to mark the chromatin of the inactive al-

lele and DNA methylation to further repress transcription of

the inactive allele (Keverne 2009, Zakharova et al. 2009). These
general mechanisms are therefore candidate mechanisms for

the monoallelic expression that is characteristic of OR genes.

OR zonality

The second level in the hierarchy of OR gene choice appears

to be zonal exclusion, the restriction of OR expression to an-
atomical regions (zones) of the olfactory epithelium (Ressler

et al. 1993; Vassar et al. 1993; Strotmann et al. 1994; Sullivan

et al. 1995). The epithelium has two major regions, a large

dorsal region that forms a single zone where all the Class

I ORs are expressed along with a subset of Class II ORs,

and a ventral region where other Class II ORs are expressed

in zones that run the length of the anterior–posterior dimen-

sion. The selective forces behind OR zonality appear to be
more than just a convenience to aid the singularity of OR

gene expression. For example, the dorsal region is responsi-

ble for innate avoidance of predator odors and, therefore,

the restriction of at least some ORs to this zone may be nec-

essary to support this function (Kobayakawa et al. 2007).

For most ORs tested to date, OR expression zones span the

anterior–posterior dimension of the epithelium but are only

a fraction of the dorsoventral dimension. However, Class
II ORs of themOR262 subfamily are expressed in a patch that

occupies portions of endoturbinates II and III plus part of

ectoturbinate 3 (Strotmann et al. 1992, 1994). The available

evidence indicates that the dorsoventral zones are the norm

and the ‘‘patch’’ is the exception. The original interpretation

that OR expression zones were four fixed regions, each cir-

cumscribing the expression of equivalent fractions of the

OR gene repertoire, was subsequently revised by evidence that
Class II OR genes are instead expressed in a dorsoventral con-

tinuum of overlapping zones (Iwema et al. 2004; Miyamichi

et al. 2005).

The zonal and patch expression patterns of ORs imply that

positional cues act to select a subset of OR genes as being

available for expression. Whether these cues act by positive

selection of the appropriate set of OR genes, by repression of

all but a subset of OR genes, or by both positive and negative
mechanisms working together, is unknown. The nature of

the positional cues is also not known, but the continuum

of overlapping zones seems most consistent with
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a dorsoventral gradient of some cue or cues. The continuous

turnover of olfactory sensory neurons (OSNs), which ap-

pears to happen without altering OR zonality, argues either

that the gradient is permanent or that a transient gradient

laid down instructions that are permanent. If the latter is cor-
rect, then basal progenitor cells may be inherently biased to

produce sensory neurons that will select from a zonal subset

of OR genes. Experiments that test this idea, such as basal cell

transplantation studies, have not yet been reported. In the ab-

sence of knowledge of the mechanism of zonality, alternatives

to location-dependent processes remain possible. For exam-

ple, to the extent that temporal patterns govern development

along the dorsoventral axis of the olfactory epithelium, time
could play as significant a role as location in OR gene choice.

Analysis of OR transgenes indicates that zonality depends

on sequences within the OR gene locus itself, albeit inter-

preted within the genomic context in which the transgene re-

sides (Vassalli et al. 2002). Like probable mechanisms of

randommonoallelic expression of autosomal genes, zonality

might work through epigenetic mechanisms that regulate the

availability of each OR gene in both positive (selection) and
negative (exclusion) ways. Zonality might also be accom-

plished by, or might have significant contributions from,

zonally restricted transcriptional regulators or zonal gra-

dients of transcriptional regulators. In this scenario, zonal

gradients of signals and transcription factors would act to

select or repress those OR genes whose promoters were sen-

sitive to them. No zone-specific transcription factors have yet

been reported, however. Whether it be zonal exclusion or
zonal selection, or a combination of the two, it is clear that

location in the epithelium is deterministic, that is, location

correlates with the expression of specific subsets of OR genes.

Within the subset of OR genes that are available for expres-

sion at any given location, however, the choice process

appears to be fundamentally random. Variation in the fre-

quency of selection from among the available OR genes,

which can be severalfold, is not necessarily inconsistent with
the interpretation of randomness. Variation probably de-

rives from biases in the events downstream of the random

selection process. For example, the frequency of expression

of the MOR28 cluster genes controlled by the H-region vary

directly with proximity to the H-region (Fuss et al. 2007),

a pattern that would occur if a random selection process

acted through the biases of H-region enhancer activity.

OR expression singularity

Although evidence of occasional exceptions and the inherent

difficulty of obtaining direct proof of the singularity of mam-

malian OR gene expression contribute to doubts about the

universality of the ‘‘one neuron–one receptor rule,’’ the

weight of the available evidence continues to favor this idea
(Rawson et al. 2000; Serizawa et al. 2004, Mombaerts

2004b). Therefore, a reasonable working hypothesis is that

once monoallelic and zonal mechanisms have restricted

the OR gene choices available, an unknown mechanism with

a random component completes the selection of one OR gene

for expression. What then are the regulatory events that give

rise to the singularity of expression? Numerous possibilities

exist, ranging from a unique DNA enhancer element, to
a protein complex so rare that only one OR gene is likely

to bind it, to a unique DNA rearrangement, to a unique nu-

clear location (a ‘‘transcription factory’’) for OR transcrip-

tion, to rate-limiting kinetics that match a brief expression

window period (Shykind 2005). Also possible is that the

OR-dependent feedback mechanism that results in the re-

pression of all but the active OR allele (described below)

is the primary mechanism responsible for singularity.
An intriguing hypothesis is the idea that DNA rearrange-

ment is responsible for the singularity of OR expression.

Substantial tests of this hypothesis were achieved by gener-

ation of cloned mice using transfer of olfactory sensory neu-

ron nuclei expressing a known OR (Eggan et al. 2004; Li

et al. 2004). If DNA rearrangement is permanent then all

olfactory sensory neurons of the cloned mice should express

the OR expressed in the donor nucleus. Instead, OR expres-
sion patterns in the clonedmice were normal, arguing against

the DNA rearrangement hypothesis. Of course, what cannot

be completely excluded is the possibility that reprogramming

of each donor nucleus reversed DNA rearrangement of the

expressed OR gene. Nevertheless, these findings have cast

significant doubt on this DNA rearrangement hypothesis.

Another appealing hypothesis is that a unique DNA ele-

ment regulates not only the expression of nearby OR genes
on the same chromosome (in cis) but also acts in trans to

select for expression other OR genes on other chromosomes.

A candidate for such a DNA element, the H-region, was

originally discovered as an enhancer of expression of the

OR genes in the MOR28 cluster, located 75 kbp away on

mouse chromosome 14 (Serizawa et al. 2000). Evidence that

the H-region could be trapped by the 4C chromosome con-

formation capture method along with DNA fragments con-
taining ORs from other chromosomes (one of the earliest

uses of the 4C method) supported the role of the H-region

as the unique component necessary for OR gene choice

(Lomvardas et al. 2006). However, targeted deletion of

the H-region only reduced expression of the four MOR28

cluster OR genes that were already known to be regulated

by the H-region (Fuss et al. 2007; Nishizumi et al. 2007). This

finding argues strongly that the H-region cannot act in trans,
or perhaps that any in trans activity is not necessary for OR

gene choice. The trans-chromosomal association of OR loci

with the H-region may have been a consequence of random

captures exacerbated by the size of the OR gene family and

the segregation of types of chromatin within nuclei (de Laat

and Grosveld 2007; Simonis et al. 2007). The H-region,

therefore, is unlikely to be the unique element responsible

for the singularity of OR expression.
At present, the mechanism of OR gene choice remains

a mystery. Some of the hypothesized mechanisms are much
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more difficult to test than DNA rearrangement or the role of

the H-region. For example, the existence of a limiting protein,

or perhaps more likely a complex of proteins, is particularly

difficult to test in the absence of any clues about the nature of

the proteins. The related idea that only a single transcription
factory in a sensory neuron nucleus is capable of transcribing

OR genes might be more easily approached, in part because

transcription factories often occur at characteristic locations

in nuclei (Carter et al. 2008; Sutherland and Bickmore 2009).

Also difficult to test until more of the proteins involved are

discovered is the hypothesis that feedback repression by

one OR upon all others is the mechanism of singularity.

In considering mechanisms that produce singularity of OR
expression, it seems unlikely that any mechanism would be

perfect. Olfactory sensory neurons that express more than

one OR, or even no ORs, might arise. That these neurons

would then be selected for early death seems reasonable.

Substantial evidence exists to suggest that olfactory sensory

neurons lacking odor-stimulated activity or whose axons fail

to coalesce into glomeruli have shortened life spans (Zheng

et al. 2000; Zhao and Reed 2001; Feinstein and Mombaerts
2004; Feinstein et al. 2004; Zou et al. 2004). The increased

rate of cell death of such sensory neurons may be sufficient

for maintaining the specificity of olfactory sensory neuron

input to olfactory bulb glomeruli. The life spans of sensory

neurons expressing the ‘‘wrong’’ number of ORs might be

even shorter. Apoptosis of immature olfactory sensory neu-

rons, unlikely to have accumulated sufficient damage from

exogenous stressors that seem to be the major cause of
apoptosis of mature sensory neurons, does occur in normal,

undamaged olfactory epithelium (Holcomb et al. 1995).Mis-

expression of ORs (too many or too few) is a potential cause

of immature sensory neuron apoptosis.

A functional OR silences other OR genes?

Expression of a functional OR from an OR gene locus pre-

vents expression of other OR genes, but expression of an un-

related protein or a nonfunctional OR from the same locus

usually fails to prevent expression of another OR gene and

does not prevent coexpression of the allele containing the

nonfunctional OR (Serizawa et al. 2003; Feinstein et al.

2004; Lewcock and Reed 2004; Shykind et al. 2004). This

effect extends even to OR transgenes randomly inserted
into chromosomes or carried on artificial chromosomes

(Serizawa et al. 2000), implying that the sequences responsi-

ble for the control of expression are contained within or very

close to the transcribed regions of OR genes (Reed 2000).

Some evidence suggests that the mechanism of feedback in-

volves coupling to G proteins that stimulate the production

of cyclic adenosine monophosphate such as the ability of the

b2-adrenergic receptor expressed from an OR locus to be-
have just like an OR, causing homogeneous olfactory sen-

sory neuron axon coalescence into glomeruli (Feinstein

et al. 2004). Other evidence, particularly the ability of

a full-lengthORmutant that should be incapable of coupling

with heterotrimeric G proteins to prevent coexpression of

other ORs suggests that OR signaling through G proteins

is not absolutely necessary either to drive feedback or to

be a target of feedback (Nguyen et al. 2007). These data ar-
gue that a full-length OR may be sufficient for feedback.

While describing the feedback control of ORs as negative

feedback conveniently describes the overall effect, the evi-

dence does not rule out a positive feedback mechanism.

OR gene loci may be susceptible to silencing by epigenetic

mechanisms even in cells that do not express ORs (Miles

et al. 2007; Hou et al. 2010), so the feedback mechanism

might not need to enhance repression of OR genes, but in-
stead might cooperate with positively acting factors on the

active OR locus to protect it from repressive mechanisms that

(presumably) become increasingly powerful during the differ-

entiation of olfactory sensory neurons. Perhaps even more

likely is that the feedback mechanism driven by the expressed

OR contributes to both positive and negative regulation of

OR gene loci.

If OR feedback involves powerful epigenetic mechanisms,
might feedback be sufficient to explain the singularity of OR

gene expression? The transient expression of several ORs in

each immature sensory neuron as the ORs compete for dom-

inance (termed ‘‘switching’’) seems potentially consistent

with this idea (Shykind et al. 2004). Testing how critical feed-

back is for OR singularity will require learning more about

the feedback mechanism. At this point, whether the OR even

needs to be functional is uncertain. Whatever the mechanism
of feedback, however, the outcome seems likely to require

some level of epigenetic control, a topic discussed further

below.

OR gene promoters

OR genes are relatively simple, consisting of a single coding
exon preceded by at most a few small noncoding exons.

Transcriptional start sites can be a few hundred to several

thousand bases upstream of the translational start site. A

consensus TATA box may be present or (more commonly)

an AT-rich region is found at the site where the TATA box

would be expected (Hoppe et al. 2006; Michaloski et al.

2006). With the exception of the H-region enhancer that con-

trols expression of four OR genes in the MOR28 cluster
(Serizawa et al. 2000; Fuss et al. 2007; Nishizumi et al.

2007), the cis-elements necessary for normal expression of

OR genes appear to be contained within small upstream

regions of each OR gene (Qasba and Reed 1998; Rothman

et al. 2005; Zhang et al. 2007; Vassalli et al. 2002). This up-

stream promoter region can be remarkably small; As little as

;150 bp immediately upstream of the transcriptional start

site of an OR promoter can be sufficient to drive zonal, sin-
gular expression of an OR transgene (Vassalli et al. 2002). A

transgene driven by 358 bp of the promoter of an OR ex-

pressed in a patch pattern, Olfr157 (mOR262-12), also
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reproduced the normal expression pattern of the OR (Zhang

et al. 2007). These data reinforce the conclusion that ORs are

very compact genes whose essential control elements are

maintained near the exons. The known conserved features

of these minimal promoter sequences are at least one homeo-
domain-like site followed by at least oneO/E (Olf1/early B-cell

factor)-like site (Lane et al. 2001; Vassalli et al. 2002; Hoppe

et al. 2006; Michaloski et al. 2006; Zhang et al. 2007). The O/

E-like sites are typically found less than 200 bp upstream of

the transcriptional start sites, whereas the homeodomain-like

sites are distributed further upstream, frequency decreasing

with distance (Michaloski et al. 2006). For ORs that have dis-

tinctive expression patterns, unique elements within the min-
imal promoters or in more distant enhancer regions would

seem to be necessary. For the patch ORs of the mOR262 sub-

family, candidate elements in their putative promoters have

been identified via their conservation across the mOR262 sub-

family (Hoppe et al. 2006; Zhang et al. 2007), but tests of these

candidates have not been reported.

O/E-like sites, which are bound by the four members of the

Ebf transcription factor family, are common to the pro-
moters of ORs and other relatively olfactory-specific genes

(Kudrycki et al. 1993; Wang and Reed 1993). O/E-like sites

are therefore thought to help mediate the olfactory-specific

expression of these genes in olfactory sensory neurons

(Buiakova et al. 1996; Davis and Reed 1996). This has

not been fully confirmed, in part due to difficulties in gener-

ating mice lacking all four Ebf family members (Wang et al.

2004). Sustained expression of the Ebf inhibitor, Zfp423
(OAZ), in olfactory sensory neurons suppresses expression

of ORs and other olfactory-specific genes, but the near ab-

sence of olfactory sensory neuron maturation confounds the

interpretation that loss of activity of Ebf transcription fac-

tors at O/E-like sites is responsible for reduced transcription

of OR genes (Cheng and Reed 2007).

The homeodomain-like and O/E-like sites in putative OR

promoters appear to work together. The expression of OR
transgenes is geometrically reduced when both sites are mu-

tated or deleted (Rothman et al. 2005). Similarly, targeted

mutation of both these sites in the endogenous Olfr151

(M71) gene was required to produce even a 3-fold reduction

in the frequency of neurons that express Olfr151 (Rothman

et al. 2005). In addition to reinforcing the idea that the ho-

meodomain-like and O/E-like sites work in concert, these

data argue that other sites, as yet undefined, also regulate
expression of endogenous OR gene loci. These sites could

be additional homeodomain-like and O/E-like sites located

more distantly from the transcriptional start site, or

they may be sites bound by different types of transcriptional

regulators.

Emx2 and Lhx2 act at the homeodomain-like site

Changes in the homeodomain-like site and the O/E-like site

control the probability of OR gene choice rather than the

level of expression per sensory neuron (Rothman et al.

2005). This suggests that OR gene choice mechanisms act

through these sites, at least in part. It also predicts that

the deletion or inhibition of the transcription factors acting

at these sites will alter the frequency of gene choice. Although
technical issues have prevented testing the Ebf transcription

factors in this way, targeted deletion of the homeodomain

transcription factor Emx2 did indeed alter the frequency

of expression of many OR genes (McIntyre et al. 2008).

Emx2 is one of the 10 homeodomain transcription factors

captured by the Olfr151 homedomain-like site or a promoter

fragment of Olfr156 (mOR262-6) in yeast one-hybrid assays

(Hoppe et al. 2003; Hirota andMombaerts 2004). The others
were Lhx2, Cart1 (Alx1), Dlx5, Dlx3, Prrx1 (Prx1), Prrx2

(Prx2), Alx3, Pitx1 (Ptx1) and Barx1. Emx2-deficient mice

showed reduced amounts of mRNA for 365 OR genes, half

of the ORmRNAs detected by the microarray platform used

(Figure 2;McIntyre et al. 2008). These decreases were dispro-

portionately greater than the 42% reduction in the number of

mature sensory neurons in this mutant mouse and as pre-

dicted by the effects of mutating the homeodomain-like site,
in situ hybridization revealed reduced frequencies of expres-

sion of OR genes but no evidence of reduced amounts of

these mRNAs within the few sensory neurons that expressed

them. The affected genes included both Class I and Class II

OR genes. If OR genes are selected by a mechanism that in-

volves switching and feedback to lock in the choice of a func-

tional OR gene, then reduced expression of many, but not

all, OR genes in Emx2-deficient mice should cause increased
frequency of expression of other OR genes. As predicted, in-

creased frequency of expression (2-fold to 6-fold) of 22 Class

II OR genes was detected. These data argue that Emx2 is the

Figure 2 Emx2 helps stimulate transcription for many OR genes. The fold
differences of microarray signal intensities for all detected OR mRNAs in
olfactory epithelium samples from Emx2�/� and Emx2+/+ mice are plotted
against the mean signal intensities generated from the Emx2+/+ samples. Red
circles are significant decreases in the Emx2�/� samples and green triangles
are significant increases. Reprinted with permission from McIntyre et al.
(2008).
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homeobox transcription factor that acts most strongly at

many of OR gene promotors. They also indicate that OR

gene choice mechanisms act in concert with Emx2 for many

ORs. Whether these mechanisms work through Emx2, or

merely gate the ability of Emx2 to stimulate OR transcrip-
tion, cannot yet be determined.

Although Emx2 appears to be the predominant homeodo-

main transcription factor acting at the majority of OR genes,

some OR genes clearly do not require Emx2. The hypothesis

that many of these Emx2-insensitive OR genes might have

promoters that are normally regulated by Emx2 but can

be regulated by other homeodomain transcription factors

in the absence of Emx2 has not yet been disproven. However,
a more promising explanation is that at least one other ho-

meodomain transcription factor helps activate these Emx2-

insensitive OR genes even when Emx2 is present. Of the eight

additional candidates known to bind an OR promoter, Lhx2

is the most promising because it is an abundant mRNA in

olfactory sensory neurons and it was the most common bind-

ing partner detected in one-hybrid assays using OR promoter

fragments (Hirota and Mombaerts 2004). The olfactory ep-
ithelia of mice lacking Lhx2 show little expression of any OR

gene, but this is confounded by the fact that these mice have

almost no mature OSNs and many fewer immature OSNs

(Hirota and Mombaerts 2004; Kolterud et al. 2004; Hirota

et al. 2007). As with mice lacking multiple Ebf transcription

factors, the massive loss of OSNs prevents the interpretation

that defects in OR gene expression, rather than OSN loss, are

responsible for reduced abundance of OR mRNAs and the
reduced number of cells detectably expressing ORs.

OR gene silencing and chromatin remodeling
epigenetics

The flip side to the singularity of OR gene expression is the

silencing of all other OR genes. Silencing, rather than expres-
sion, may therefore represent the most significant feature of

OR gene choice. As yet, the little we understand about OR

gene silencing is solely phenomenological. For example, sep-

arating the OR promoter and the OR coding sequence only

partially relieves repression of OR coding region transgenes,

indicating that the coding region itself is a sufficient signal for

OR gene silencing (Nguyen et al. 2007). Even strong pro-

moters such as the Omp promoter are much less active when
placed in front of OR coding regions (Lane et al. 2005). These

data suggest the hypothesis that epigenetic regulation plays

critical roles in the negative control of OR gene expression.

When the ;10,000 genes expressed by olfactory sensory

neurons are assessed by functional bioinformatics, chroma-

tin remodeling is one of the overrepresented biological pro-

cesses (Sammeta et al. 2007). The Polycomb complex and

other chromatin remodeling gene transcripts that comprise
this category are expressed most abundantly in the immature

sensory neurons, the stage where OR gene choice appears to

be completed. Description of the types of chromatin marks

at OR gene loci, especially the repressive marks that presum-

ably predominate across the population of ORs and there-

fore would be the easiest to detect, should soon be

forthcoming. Indeed, studies of the epigenetic regulation

of the b-globin gene cluster in erythroid cells typically use
a neighboring OR gene cluster as a control. These studies

found that the OR gene cluster has histone modifications as-

sociated with silent genes, such as increased dimethylation of

lysine 9 of histone-H3 (H3K9me2), and low levels of types of

histone acetylation associated with actively transcribed re-

gions of chromatin (Miles et al. 2007; Hou et al. 2010).

By analogy to developmental processes in other tissues,

we might find low levels of bivalent chromatin marks (a com-
bination of active and repressive marks) on the histones at

OR gene loci in basal progenitor cells followed by a shift

to a predominance of repressive marks as the sensory neu-

rons differentiate. How OR switching and feedback regulate

chromatin modification at OR gene loci may be critical to

understanding OR gene expression patterns. If this interpre-

tation that epigenetic repression is a critical feature of OR

gene expression is correct, then most intriguing of all is
the question of how a single expressed OR allele manages

to avoid repression mediated by chromatin remodeling. An-

swering this question may hold the key to understanding the

singularity of OR gene choice.

A speculative view of the regulation of OR gene expression

that emphasizes the role of chromatin remodeling is given in

Figure 3. OR gene loci are probably equivalent or nearly so

until early in embryonic development when one allele of each
OR locus is marked, probably by accumulating more repres-

sive chromatin modifications (level 1). This allele henceforth

would have a low probability of transcription. The other allele

has a high probability of transcription and might be sparsely

marked with a combination of active and repressive histone

modifications if it shares properties thought to be common

to other developmentally regulated genes (Mikkelsen et al.

2007; Heintzman et al. 2009). As development proceeds
and the olfactory epithelium is laid down, zonal selection

of OR gene loci must occur (level 2). Whether this occurs

in basal progenitor cells or in immature sensory neurons

is unknown. Given the propensity of OR gene loci to be re-

pressed, the mechanism of zonal selection may be one of ex-

clusion mediated by a predominance of repressive chromatin

modifications. This hypothetical mechanism of zonality does

not preclude roles for zone-specific signaling or transcription
factors, in part because these signals might work by control-

ling chromatin modification. At this point in development,

each nascent sensory neuron would be in a state where re-

pressive marks dominate at the vast majority of OR loci.

Via a random process, at least one OR locus captures tran-

scriptional machinery that includes a homeobox transcrip-

tion factor (most commonly Emx2), an Ebf family

transcription factor, and other factors as yet unknown but
sufficient to initiate the synthesis of anORmRNAand trans-

lation into protein (level 3). This situation is not stable and
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although the locus (or loci) being expressed would now have

a greatly increased probability of becoming the locus ex-

pressed in the mature neuron, switching can still occur. At
this immature neuron stage in the olfactory sensory neuron

cell lineage, expression of many chromatin-modifying en-

zymes and associated genes is peaking so the immature neu-

rons appear to be primed to solidify the gene expression

patterns required for the mature olfactory sensory neuron

phenotype (Sammeta et al. 2007). Mechanisms of solidifica-

tion might include DNAmethylation, further increases in re-

pressive histone modification, and incorporation of
nonconventional histones into the nucleosomes at OR genes.

One component of these epigenetic changes is the role of

feedback from an expressed OR to solidify the singularity

of OR gene choice. Feedback may act to shield one active

OR locus from epigenetic repression, or to enhance epige-

netic repression of all other OR loci, or both. The solidifica-

tion process is probably completed before the sensory
neuron reaches maturity given the role of the OR protein

in the specific convergence of sensory neuron axons into

a glomerulus (Mombaerts et al. 1996; Mombaerts 2006).

This model is certainly wrong, perhaps only in its minor

details, perhaps completely. Alternative mechanisms that

might be able to discriminate OR genes and alter their prob-

ability of expression without involving common mechanisms

of chromatin remodeling include noncoding RNAs of sev-
eral types and novel proteins that specifically bind OR cod-

ing regions. However, chromatin remodeling is already

known to be fundamental to the regulation of gene expres-

sion. It is flexible, has graduated levels in both positive and

Figure 3 Speculations on the epigenetic control of OR gene expression. In this figure, pairs of DNA strands depict the two alleles of an OR gene (transcribed
region highlighted in light blue) on paired chromosomes. The flags at each nucleosome (small black circles) are coded red for repressive marks and green for
active or permissive marks. Nucleosomes showing both red and green flags indicate bivalently marked chromosomal regions that are available to be further
modified into repressed chromatin (all red flags) or actively transcribed chromatin (all green flags). Each circled red X emphasizes repressed OR alleles, and
a larger circled red X depicts repression that has been solidified (as might happen when the sensory neurons reach their mature state). H represents
homeobox transcription factors such as Emx2 and O represents the O/E-like (Ebf) family of transcription factors that are necessary for transcription of most,
perhaps all, OR genes. Z represents as yet unknown factors that also contribute to OR transcription, factors that may be responsible for the singularity of OR
expression. Pol II, RNA polymerase II; FFs, feedback factors whose identities are unknown. The thick blue strand depicts newly transcribed RNA.
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negative directions, is able to integrate signals of many types,

and is often reversible (Kouzarides 2007; Mikkelsen et al.

2007; Cairns 2009; Heintzman et al. 2009). For these reasons,

it is easy to imagine that it contributes to OR gene regulation,

perhaps even to the extent that mechanisms of OR gene
choice work through it.

Conclusion

A mechanistic understanding of how OR genes are selected

for expression is still lacking. However, significant progress

has been made since the 2001 Banbury Conference on the
molecular biology of chemosensory receptors where Richard

Axel was asked to comment on the mechanism of OR gene

choice. He replied, ‘‘I don’t even know how to think about

that problem yet.’’ While my interpretations of the clues dis-

cussed in this review will prove mistaken to a greater or lesser

extent, the mere existence of the clues allows testable hypoth-

eses to be generated. There is reason to be optimistic that

these clues, combined with the rapidly evolving understand-
ing of epigenetic regulation of gene expression in general, will

soon lead to the discovery of mechanisms that cause the ro-

bust transcription of one allele of one OR gene and the re-

pression of all other OR genes in each olfactory sensory

neuron.
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