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dorants are discriminated by hun-

dreds of odorant receptor (OR)
genes, which are dispersed throughout
the mammalian genome. The OR genes
are expressed in a highly specialized type
of cell, the olfactory sensory neuron.
Each one of these neurons expresses one
of the 2 alleles from one single OR gene
type. The mechanisms underlying OR
gene expression are unclear. Here we
describe recent work demonstrating that
the olfactory sensory neuron shows a par-
ticular nuclear architecture, and that the
genomic OR loci are colocalized in
silencing heterochromatin compartments
within the nucleus. These discoveries
highlight the important role played by
epigenetic modifications and nuclear
genome organization in the regulation of
OR gene expression.

Odorants are detected by a large family
of odorant receptors (ORs) expressed by
olfactory sensory neurons present in the
nasal cavity." In mammals, the OR gene
family is composed of more than a thou-
sand genes, which are distributed through-
out the genomez’3 (Fig. 1). Each olfactory
sensory neuron, however, expresses only
one of these OR genes. In addition,
expression is monoallelical, that is, only
one of the 2 homologous alleles of a given
OR gene, the maternal or paternal, is
expressed per neuron.*”

The OR gene family is highly poly-
morphic, and a series of single nucleotide
polymorphisms (SNPs) have been corre-
lated with differences in odorant percep-
tion.*'” Monoallelic expression therefore
confers unique specificities to the olfactory
Olfactory  sensory
expressing the same type of OR project

neurons. neurons

their axons to the same glomeruli in the

olfactory bulb of the brain, and ORs are
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involved in axonal targeting."’ Odorant
discrimination results from the activation
of a combination of ORs,” and therefore
odorants are encoded by combinations of
glomeruli. Thus, the OR type that is
expressed in a given olfactory neuron, not
only determines the range of odorants to
which this neuron will respond, but it is
also required for axonal targeting to spe-
cific glomeruli in the olfactory bulb. This
organization of the olfactory system
emphasizes the importance of the mono-
genic and monoallelic expression of OR
genes.

OR genes need to be coordinately reg-
ulated in order to achieve mutually exclu-
sive expression. What are the mechanisms
that allow for this precise regulation if the
OR genes are widespread in the genome?
It has been shown that OR gene pro-
moters are required for OR gene expres-
sion."”"? Analysis of hundreds of OR
gene promoters revealed that the majority
of these regions share common cis-regula-
tory elements, which must play important
roles in the regulation of OR gene tran-
scription, but which do not explain mono-
genic or monoallelic expression.'*'® For
example, the vast majority of OR genes
contain O/E-like sites (EBF binding sites)
and homeodomain-like sites.">'® But the
fact that OR genes share the same types of
cis-regulatory elements, and that these ele-
ments are also present in the promoter
region of other olfactory genes that are
expressed in all mature olfactory neurons,
such as the olfactory marker protein
(OMP), Gaolf, and adenylyl cyclase III
genes, indicates that these common pro-
moter motifs are not sufficient for deter-
mining singular OR gene expression.

It is well known that the mammalian
cell nucleus shows a highly organized
architecture, where distinct nuclear pro-
cesses, such as transcription and splicing,
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Figure 1. Distribution of the OR genes in the mouse genome. Approximately 1400 OR genes,
including pseudogenes, are distributed in clusters throughout the chromosomes (based on Godfrey
et al.?). Red dots represent loci containing OR genes. No OR gene is found in the Y chromosome.

are compartmentalized."”"? Tt is also clear
now that genomes are nonrandomly
arranged'”'® and that each chromosome
occupies a distinct region in the nucleus
(termed chromosome territories).?%!
Different cell types show different nuclear
architectures, with different chromosome
arrangements and distinct patterns of
chromatin condensation.”>*® Differences
in the nuclear organization must account
for the differential gene expression.

The olfactory sensory neurons are
highly specialized cells which are continu-
ously generated from a population of neu-
ron progenitors located in the basal layer
of the olfactory epithelium. During differ-
the

develop a characteristic pattern of gene

entiation, progenitor cells must
expression to acquire all of the specific
properties of mature olfactory sensory
neurons, including correct expression of
OR genes. Recent experiments show that
the organization of the olfactory nucleus is

critical for regulating OR gene expression.

Spatial Organization
of Heterochromatin
in the Olfactory Nucleus

Studies of nuclear architecture showed
that heterochromatin is organized in an
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unconventional fashion in the olfactory
nucleus (Fig. 2A and B). Usually, in
mammalian cells, heterochromatin is
found at the nuclear periphery, whereas
euchromatin is mostly localized in the
nuclear center. In the olfactory nucleus,
however, large blocks of constitutive het-
erochromatin are concentrated more cen-
trally in the nucleus.?*?*> There are 2
types of repressive heterochromatin: con-
stitutive heterochromatin and facultative
heterochromatin. Both types of hetero-
chromatin are repressive, however, while
constitutive heterochromatin is considered
to be stably heterochromatized and tran-
scriptionally silent, facultative heterochro-
matin can decondense and become
transcriptionally active.”® It was recently
shown that facultative heterochromatin is
concentrated in a few domains which are
localized around and close to the constitu-
tive heterochromatin blocks in the olfac-
tory nucleus” (Fig. 2A and B). The other
major cell types of the olfactory epithe-
lium, the supporting cells and basal cells,
do not show this same distribution of con-
stitutive and facultative heterochromatin,
indicating that this particular nuclear
organization is characteristic of the olfac-
tory sensory neurons.

The organization of facultative and

constitutive heterochromatin domains in
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the olfactory nuclei is striking, and not
commonly observed in the nuclei of other
cell types (Fig. 2C). The best known
example of a nuclear facultative hetero-
chromatin domain is the inactive X chro-
mosome (Xi) in female mammalian cells.
The inactive X chromosome forms a com-
pact nuclear structure denominated the
Barr body, which is enriched in both
H3K9me3 (constitutive) and H3K27me3
(facultative) marks. Interestingly, it was
shown that these 2 types of heterochroma-
tin marks form spatially distinct domains
in the interphase nucleus of human female
cells, which are juxtaposed one to another
within the Barr body.”” As mentioned
above, the H3K27me3 and H3K9me3
domains in the olfactory nucleus are also
distinct but closely associated one to
another. Differently from the Barr body,
which is only observed in female cells,
these domains are observed in both female
and male olfactory sensory nuclei (Fig. 2).
These observations suggest that there is an
interaction between the constitutive and
facultative heterochromatin domains in
these cells, which may contribute to the
organization of inactivating heterochro-
matin and gene silencing over large geno-
mic regions. It was for example shown
that in the Barr body a protein named
HBiX1 interacts with the H3K9me3 asso-
ciated protein HP1, and with the Xist-
H3K27me3 associated protein
SMCHDI, and thereby bridges these 2
domains.””  Whether

similar molecular interactions occur in the

heterochromatin

olfactory nucleus remains to be

determined.

OR Gene Positioning
in the Nucleus

Even though the OR genes are distrib-
uted
(Fig. 1), they are located close together in
the 3-dimensional organization of the
genome in the olfactory nucleus. DNA-

over almost all chromosomes

FISH experiments using a probe that rec-
ognizes the complete repertoire of mouse
OR genes showed that these genes are
aggregated in the centrally located consti-
tutive heterochromatin blocks.”> The
same is not observed for the olfactory
marker protein (OMP) gene, which is
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Figure 2. Distribution of constitutive and facultative heterochromatins in the nucleus of olfactory
sensory neurons. Facultative heterochromatin as visualized by immunostaining for H3K27me3
(green) in the nuclei of female (A) or male (B) mouse olfactory sensory neurons and of mouse
embryonic fibroblasts (MEFs) (C). Constitutive heterochromatin blocks (*) are densely stained by
DAPI (blue). The white outline shows the boundary of a single nucleus. Nuclei are not shown to

scale.

biallelically expressed in all mature olfac-
tory sensory neurons.”* Although the
OMP gene is located close to the S6 and
P2 OR genes on chromosome 7, in the
olfactory nucleus, the OMP gene alleles
are located further away from the central
repressive blocks when compared to the
OR gene alleles.”* Accordingly, chromatin
immunoprecipitation (ChIP) experiments
showed that OR genes are marked with
H3K9me3 and H4K20me3, which are
typical
heterochromatin.

Recent DNA-FISH experiments where
the 2 alleles from different OR genes were
analyzed in great detail indicated that the

marks for constitutive

28

alleles of a given OR gene are segregated
in the nucleus: while one allele is localized
in the constitutive heterochromatin
blocks, the homologous allele is located
further away and in or next to the faculta-
tive heterochromatin domains mentioned
above.?® These results could explain
monoallelic expression: while one of the
alleles would be ‘permanently’ inactive’,
the remaining one would be available for
transcription. The fact that OR genes
show asynchronous replication®” further
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suggests that the alleles are differendally
marked, with one being more prone for
activation than the other.

Differently from what has been shown
for the constitutive heterochromatin
H3K9me3 and H4K20me3 marks, there
is no evidence so far from ChIP experi-
ments that OR genes are marked with
H3K27me3, the typical facultative hetero-
chromatin mark.”?® H3K27me3 marks
have been previously identified in a variety
of genomic positions, such as gene pro-
moters, enhancers, coding regions, inter-
genic regions or in large genomic
blocks.>® Tt remains to be determined,
which are the genomic regions that are
marked with H3K27me3 and account for
the facultative heterochromatin compart-
ments present in the olfactory nucleus.

OR Gene Activation

The OR genes are therefore globally
confined in repressive compartments in
the olfactory nucleus. It is not clear when
exactly during neuronal differentiation
these epigenetic marks are deposited.
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Genetic experiments showed that the P2
OR locus shows a low permissiveness for
transcription, which is consistent with a
repressive OR chromatin.”’ Younger neu-
rons show, however higher permissiveness,
indicating that the fully repressive state of
the OR chromatin occurs only after OR
gene choice is stabilized.”

It is also not clear yet, what are the pre-
cise mechanisms that result in the expres-
sion of a single allele per neuron. In order
to achieve singular expression of OR genes
one single OR gene allele must escape
repression. One possibility is that all OR
genes are marked with the constitutive
heterochromatin H3K9me3 marks, and
these silencing marks would be removed
later by the H3K9me2 demethylase
(LSD1) from a single OR gene allele to
assure monogenic and monoallelic OR
gene expression.”” Another enzyme, yet to
be identified, would be required to
demethylate H3K9me3 first. Once one
single OR allele is activated, production of
adenylyl cyclase III by mature olfactory
sensory neurons leads to LSD1 downregu-
lation, preventing activation of a second
OR allele.”® The fact that in new born
mice where LSD1 is knocked out in pro-
genitor neurons, there is a reduction of
the total OR transcript level in the MOE,
indicates that this enzyme is involved in
OR gene regulation.”® Also, in zebrafish
embryos, an inhibitor of LSD1 leads to a
decreased number of olfactory cells
expressing endogenous odorant receptors,
suggesting that H3K9me3 demethylation
is also required for proper OR gene
expression in this organism.33

Another possibility, is that the OR
alleles which are associated with facultative
heterochromatin, are the ones that retain
the potential to be transcribed, and repres-
sion would have to be relieved from a sin-
gle allele by a H3K27me3 demethylase,
such as UTX (also named KDMGA) or
JMJD3 (also named KDMG6B).>* The
involvement of H3K27me3 modifying
enzymes, however, was not experimentally
addressed yet. Curiously, it was shown
that in the zebrafish olfactory epithelium,
signaling through GP<y is both necessary
and sufficient to suppress the expression
of odorant receptor genes through hetero-
chromatin deposition in these loci.*?

When GRvy activity is blocked, the
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number of olfactory sensory neurons
expressing an individual OR is increased,
and the expression of KDMG6B is upregu-
lated while expression of e¢hmt2, a histone
H3K9 methyltrasferase is downregulated,
probably resulting in a decrease in repres-
sive H3K27 and H3K9 histone marks.>
Alternatively, it is possible that the
repressive facultative marks are deposited
as a result of the feedback signal that is eli-
cited by an OR gene which was expressed
first, to prevent expression of additional
OR genes and contribute in this way to
the stability of OR gene choice. Future
experiments will be required to unravel
the exact role played by facultative hetero-
chromatin in OR gene expression.

Conclusion

OR genes are spread throughout the
genome, however, in the 3-dimensional
organization of the olfactory nucleus they
are clustered together in centrally located
repressive  heterochromatin ~ compart-
ments. This particular nuclear architec-
ture, which differs from other cell types,
appears to be essential for the expression
of a single OR gene per olfactory neuron.
Future challenges will be to determine the
molecular mechanisms that lead to OR
gene activation as well as the contributing
played by these 2 types of

heterochromatin.
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