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Odorants are detected by odorant receptors, which are located on
olfactory sensory neurons of the nose. Each olfactory sensory
neuron expresses one single odorant receptor gene allele from
a large family of odorant receptor genes. To gain insight into the
mechanisms underlying this monogenic and monoallelic expres-
sion, we examined the 3D nuclear organization of olfactory sensory
neurons and determined the positions of homologous odorant
receptor gene alleles in relation to different nuclear compartments.
Our results show that olfactory neurons exhibit a singular nuclear
architecture that is characterized by a large centrally localized con-
stitutive heterochromatin block and by the presence of prominent
facultative heterochromatin domains that are localized around this
constitutive heterochromatin block. We also found that the two
homologous alleles of a given odorant receptor gene are frequently
segregated to separate compartments in the nucleus, with one of the
alleles localized to the constitutive heterochromatin block and the
other one localized to the more plastic facultative heterochromatin, or
next to it. Our findings suggest that this nuclear compartmentalization
may play a critical role in the expression of odorant receptor genes.

H3K27me3 | chromatin | OR gene choice

dorants are detected by a large family of odorant receptors

(ORs) located on olfactory sensory neurons in the nasal
olfactory epithelium. In the mouse, each olfactory sensory neuron
expresses one out of ~1,000 different OR genes, which are dis-
persed throughout the genome (1-3). In addition, OR genes are
monoallelically expressed, that is, only one allele of the gene
(maternal or paternal) is transcribed per neuron (1, 4, 5).

The mechanisms underlying both monoallelic and monogenic
expression of OR genes are unclear. It has been clearly demon-
strated that OR gene promoters are necessary for OR gene ex-
pression (6, 7); however, because these promoters show similar cis-
regulatory elements (8-12), it is not clear how monogenic OR gene
expression is achieved. Previous studies have identified cis-acting
enhancers located upstream of OR gene clusters (denominated H
and P elements) which can select one single gene for expression
(13-15). These elements would ensure the expression of a single
OR gene from their respective clusters, but would not preclude the
expression of genes located in other OR gene clusters (16, 17).
How then would monogenic expression of OR genes be estab-
lished? It has been demonstrated that the expression of a func-
tional OR gene (but not of a nonfunctional OR gene) prevents
expression of other OR genes (13, 18). Therefore, it has been
proposed that once the first odorant receptor gene is stochastically
expressed, a feedback mechanism is established, ensuring the
mutually exclusive expression of OR genes (19, 20).

The vast majority of OR genes are exclusively expressed by
olfactory sensory neurons. These highly specialized neurons must
therefore have unique regulatory mechanisms that allow for the
characteristic expression of the OR genes. Different cell types
show different nuclear architectures, with different chromosome
arrangements and, importantly, distinct patterns of chromatin con-
densation (21-25). There are two types of chromatin: heterochro-
matin and euchromatin. Heterochromatin is highly condensed and
transcriptionally inactive, whereas euchromatin is less condensed and
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transcriptionally active. In addition, heterochromatin can be
subdivided into constitutive heterochromatin and facultative
heterochromatin. Both types of heterochromatin are repressive;
however, whereas constitutive heterochromatin is stably hetero-
chromatized and transcriptionally silent, facultative heterochro-
matin can decondense and become transcriptionally active (26).
Constitutive heterochromatin is rich in repetitive DNA and
includes centromeric, pericentromeric, and telomeric domains
(27). Facultative heterochromatin genomic areas can vary largely
in size, comprising an entire chromosome (such as the inactive X
chromosome), large genomic domains (such as the Hox gene
clusters), imprinted autosomal genes, or a few nucleosomes
within a particular genomic region (26, 27).

Previous chromatin immunoprecipitation (ChIP) experiments
showed that OR genes are marked with the repressive constitutive
heterochromatin marks H3K9me3 and H4K20me3 in the nuclei of
olfactory neurons (28). In addition, experiments using a complex
DNA FISH probe that recognizes the complete OR gene reper-
toire have shown that the OR genes are aggregated in large con-
stitutive heterochromatic foci in the nucleus of olfactory sensory
neurons (29). This aggregation would organize the OR genes for
monogenic activation, so that only a single OR gene allele would
escape from chromatin repression and become active (29).

Here we have investigated the positions of the two homolo-
gous alleles of OR genes in the nucleus of olfactory sensory
neurons. To do this, we performed 3D immuno-DNA FISH to
determine the nuclear positions of the OR gene alleles in re-
lation to the different types of chromatin compartments. In
agreement with previous work, we found that olfactory neurons
have a characteristic nuclear architecture that differs from other
cell types. Odorant receptor genes that are located on different
chromosomes are frequently associated with a large common
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constitutive heterochromatin block (HB), which is located in
a central region of the nucleus. In contrast, the olfactory marker
protein (OMP) gene alleles, which are biallelically expressed in
all mature olfactory neurons, are not associated with this het-
erochromatic block. We also found that nuclei from olfactory
sensory neurons show a characteristic organization of facultative
heterochromatin, which is absent from the nuclei from supporting
cells or from the progenitor cells located in the basal cell layer of
the olfactory epithelium. Interestingly, facultative heterochroma-
tin is predominantly localized around the large constitutive het-
erochromatin blocks. Moreover, we found that in a given nucleus,
the two homologous alleles of a given OR gene are frequently seg-
regated to separate nuclear compartments, whereas one of the alleles
is associated with the constitutive heterochromatin block, the other
one localizes with the more plastic facultative heterochromatin.

Results

Nuclear Organization of Olfactory Neurons. We first analyzed the
distribution of euchromatin (H3K4me3) and heterochromatin
(H3K9me3) marks in interphase nuclei of olfactory neurons.
Accordingly, as detected by immunofluorescence in nuclei of
olfactory neurons, H3K9me3 colocalizes with the DAPI-stained
heterochromatin blocks, whereas H3K4me3 is localized to the
euchromatic regions, excluding the regions that are densely
stained by DAPI and opposite to the H3K9me3 staining (Fig.
S14). We also analyzed the distribution of active RNA poly-
merase II (RNAPII) in the nuclei of olfactory neurons. Discrete
RNAPII foci can be visualized, and as expected, they are local-
ized to the euchromatic regions, but absent from the constitutive
heterochromatic regions (Fig. S1B).

Distinct constitutive heterochromatin blocks can be visualized
in the nuclei of olfactory neurons (Fig. S24). These nuclei show
a smaller number of blocks compared with nuclei of the sup-
porting cells of the olfactory epithelium or liver cells (Fig. S2B).
Strikingly, most of the nuclei of olfactory neurons have one large
constitutive heterochromatin block, which occupies on average
9% of the nuclear volume and is located more centrally (Fig.
S2C). In contrast, in the nuclei of supporting cells and liver cells,
the heterochromatin blocks are proportionally smaller (Fig. S2C).
These results indicate that olfactory neurons have a distinct pattern
of heterochromatin distribution compared with other cell types.

Spatial Organization of Odorant Receptor Gene Alleles in the Nucleus
of Olfactory Neurons. We next analyzed the nuclear positioning of
OR gene alleles. Three-dimensional DNA FISH experiments
were carried out to determine the positions of the loci containing

Fig. 1. Relative positioning of OR and OMP gene loci to het- A
erochromatin blocks. (A) Genomic positions of the OMP, S6,

the OR genes P2 or S6 or the OMP gene in the nuclei of olfactory
neurons. These three loci are located close together (~4 Mb apart
one from another) on mouse chromosome 7 (Fig. 14), but show
different patterns of gene expression: whereas the OR genes are
monoallelically expressed in ~0.1% of the mature olfactory neu-
rons (30, 31), the OMP gene is biallelically expressed in all mature
olfactory neurons (32). Three BAC clones containing these genes
(Fig. 14 and Fig. S3) were used as probes that were hybridized to
sections cut through the olfactory epithelium.

Initial inspection of the 3D DNA FISH signals in the olfactory
neurons indicated that the OR gene loci are localized near the
constitutive heterochromatin blocks in a large number of nuclei
(Movie S1). We therefore analyzed the spatial proximity of each
one of the two OR gene alleles to the heterochromatin blocks (Fig.
1B). Nuclei were subdivided into three groups: nuclei that have no
allele (group 0), nuclei that have one allele (group 1), and nuclei
that have the two alleles (group 2) associated with heterochro-
matin blocks (Fig. 1C). Nuclei of olfactory neurons were analyzed
for the S6, P2, and OMP FISH signals and classified into one of
the three groups (Fig. 1D). We observed that in 69% of the nuclei
analyzed for the P2 loci, at least one of the P2 alleles is associated
with a heterochromatin block. Similarly, in 61% of the nuclei an-
alyzed for the S6 loci, at least one of the S6 alleles is associated
with a heterochromatin block. In contrast, in only 21% of the
nuclei analyzed for OMP, at least one of the alleles is associated
with a heterochromatin block (Fig. 1D). We also analyzed the
nuclear position of two additional OR gene loci that are located on
different chromosomes: the one containing mOR28 (on chromo-
some 14) and the one containing olfr211 (on chromosome 6) (Fig.
S3). As shown in Fig. 1D, we found that these OR gene loci are
also predominantly associated with the large heterochromatin
block, and their group distribution resembles the ones observed for
the S6 and P2 OR gene loci. However, we can not exclude the
possibility that other OR genes, which were not analyzed in this
study, show different nuclear positions.

We next analyzed the positions of the P2 OR gene alleles in
the nuclei of liver cells, where they are not expressed. In this case,
in 66% of the nuclei, none of the two alleles was found to be
associated with a heterochromatin block. Curiously, whereas the
P2 alleles are associated with heterochromatin blocks in nuclei of
olfactory neurons, they are predominantly associated with the
nuclear periphery in nuclei of liver cells, where they are not
expressed (Fig. S4). The nuclear periphery has been generally
considered to be repressive to gene expression, although this effect
is not necessarily absolute (23, 33). These results show that these
OR alleles are differently positioned in the nuclei of olfactory

ovp F p2 C

and P2 gene loci in chromosome 7. The chromosome regions
covered by BACs used in the 3D DNA FISH experiments are
indicated. (B) Schematic representation of a nucleus with a
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blocks. DNA FISH signals are shown in green, heterochromatin
is visualized by DAPI (blue). The white outline shows the
boundary of a single nucleus. Images are deconvolved single
z-sections. In these images, both alleles are seen in the same
optical plane. (D) Three-dimensional DNA FISH was used to
determine the positions of the OMP, P2, S6, mOR28, and
olfr211 loci relative to the heterochromatin blocks in olfactory
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neurons. A total of 60-70 nuclei (for OMP, P2, and S6) or 30 nuclei (for mOR28 and olfr211) were scored and classified into one of the three groups. Group
distribution of OR gene loci was significantly different from OMP loci (*P < 0.0001, x? test).
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neurons and liver cells and further support the involvement of
nuclear positioning in the specific pattern of the P2 OR gene ex-
pression in olfactory neurons.

Interestingly, a large percentage of the nuclei of olfactory
neurons (~45%) have one OR gene allele associated with a het-
erochromatin block, whereas the corresponding homolog allele
is not (group 1) (Fig. 1D and Table S1). The same is not ob-
served for the OMP gene, which is biallelically expressed: only
16% of the nuclei were classified as group 1 (Fig. 1D and Table
S1). These results suggest that in each one of these nuclei, the
two OR gene alleles are segregated to separate locations, one
that is repressive (constitutive heterochromatin block) and the
other one that is transcriptionally permissive (within the eu-
chromatic environment). They also suggest that this differential
segregation of the two OR gene alleles in one same nucleus
could be related to the characteristic monoallelic expression of
these genes.

Positioning of OR Genes Relative to Constitutive and Facultative
Heterochromatin. To better characterize the localization of the
OR gene alleles in the different nuclear compartments, we first
analyzed whether the OR gene loci colocalize with H3K9me3,
a marker for constitutive heterochromatin. We performed immuno-
DNA FISH experiments to costain H3K9me3 and the P2 OR gene
loci. We found that 45% of the total DNA FISH signals colocalize
with H3K9me3 (Fig. 24). These results confirmed that not all
of the P2 alleles colocalize with H3K9me3. We next asked whether
the alleles that are not associated with H3K9me3 colocalize with
the euchromatin mark H3K4me3. We found, however, that only
17.5% of the total DNA FISH signals colocalize with H3K4me3
(Fig. 2B).

We therefore analyzed the localization of the OR gene loci that
are not colocalized with H3K9me3 or with H3K4me3 relative to
the more plastic facultative heterochromatin. Immunofluorescence
staining of the olfactory epithelium for H3K27me3, a mark for
facultative heterochromatin that is absent from constitutive het-
erochromatin (34), showed that this type of heterochromatin is
clearly present in the nuclei of mature and immature olfactory
neurons but not visible in the nuclei of supporting and basal cells in
the olfactory epithelium (Fig. 3 A-D). In the olfactory nuclei, the
H3K27me3 staining is not distributed all over the nucleus, but is
highly concentrated in one or a few domains in the euchromatic
environment. In the majority of the nuclei these domains are lo-
calized around or close to the large constitutive heterochromatin
block, forming a cap-like structure (Fig. 3E).

Interestingly, we observed that a significant number of the P2
OR gene loci colocalize with H3K27me3 (Fig. 4 A-H). Alto-
gether, we found that 27.5% of the total DNA FISH signals
colocalize with H3K27me3 (Fig. 41). It is important to note that
we also observed that even though in some of the nuclei the P2

DAPI H3K9me3 P2 alleles
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Fig. 2. Localization of P2 OR gene loci in constitutive heterochromatin and
euchromatin. (A) Representative immuno-DNA FISH images of an olfactory
nucleus showing the staining for H3K9me3 (in green) and the P2 OR gene
loci (in red). Only one of the P2 OR gene alleles is associated with H3K9me3.
(B) Same as in A but staining for H3K4me3 is shown in green. One of the P2
OR gene alleles is associated with the constitutive heterochromatin block,
and the other one is associated with H3K4me3.
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Fig. 3. Facultative chromatin compartments in olfactory nuclei. (A) Immunos-
taining of the olfactory epithelium for H3K27me3 (in green), DAPI (blue). (B-D)
Immunostaining of the olfactory epithelium for H3K27me3 (in green), and the
markers for: mature olfactory neurons (OMP, B), horizontal basal cells (CK14, C),
and immature olfactory neurons (GAP43, D) (in red). (E) Magnified region from
A, showing the distribution of H3K27me3 around the large HBs (asterisks)
within the nuclei of olfactory neurons. The layers contaning the supporting cells
(SCs), mature olfactory neurons (ONs), and basal cells (BCs) are indicated.

FISH signal is not colocalized with H3K27me3, it is located in
the boundaries of H3K27me3 domains and not randomly dis-
tributed within the euchromatic environment in the nucleus (see
for example nuclei shown in Fig. 4 G and H).

Analysis of the distribution of the P2 DNA FISH signals in
nuclei showed that in 45% of the nuclei, at least one of the P2
alleles is colocalized to H3K27me3 domains, and in an additional
28% of the nuclei, at least one of the P2 alleles is localized in the
boundaries of a H3K27me3 domain (Fig. 4/). These results show
that, whereas 69% of the nuclei have at least one allele associated
with H3K9me3, 73% of the nuclei have at least one allele colo-
calized or near H3K27me3 domains (Fig. 4/). We next analyzed
whether the alleles of different OR genes, mOR28 and S6, also
colocalize with H3K27me3. Similar to the P2 OR gene, we found
that in 73% (for mOR28) and 60% (for S6) of the nuclei, at least
one of the alleles is colocalized or near H3K27me3 domains (Fig.
4]). Altogether these results show that in a large number of nuclei,
the two homologous OR gene alleles are segregated to different
compartments: one is associated with constitutive heterochromatin
and the other one is localized to facultative heterochromatin.

We next asked how different OR genes are organized relative to
facultative and constitutive heterochromatin in one same given
olfactory nucleus. To do this, we used a pool of the four different
OR gene-containing BACs (Fig. S3) in the immuno-DNA FISH
experiments. We detected only four to six spots of hybridization
per nucleus (instead of eight), indicating that some of the DNA
FISH signals are located so close together in the nuclear space that
they cannot be distinguished one from another. Strikingly, in
many nuclei, we found clusters of colocalized FISH signals that
are located within the H3K27me3 domains (Fig. 5). Analysis of
20 nuclei indicated that on average, half of the spots colocalized
with DAPI and half of the spots colocalized with H3K27me3.

Nuclear Positioning of Active OR Genes. It has been demonstrated
that some genes are repositioned in the nucleus upon activation.
For example, it was shown that gene-dense loci can form giant
loops that extend outside of their corresponding chromosome
territories (35-37). We next asked whether OR genes are also
repositioned in the nucleus upon activation. To do this, we
used P2-internal ribosome entry site (IRES)-tauGFP mice (38) to
identify the olfactory neurons that express the P2 OR gene and
determined the positions of the P2 alleles in the nuclei of these
neurons. In these experiments, the DNA FISH procedure was
performed exactly as described above on sections cut through
the olfactory epithelium, except that it was now followed by
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Fig. 4. Localization of OR gene loci in facultative heterochromatin. (A and
B) Representative immuno-DNA FISH images of olfactory nuclei showing the
staining for H3K27me3 (in green) and the P2 OR gene loci (in red). In the
nucleus shown in A, the alleles can be visualized in different stacks; one
allele is inside the heterochromatin block (stack 19), and the other one
colocalizes with H3K27me3 (stack 12). In the nucleus shown in B, both of the
alleles are visualized in the same stack. (C-H) Three-dimensional surface
plots from different olfactory nuclei showing H3K27me3 (in green) and the
P2 OR gene loci (in red). In the nuclei shown in C-F, both the alleles can be
visualized; in the nuclei shown in G and H, only one of the alleles can be
visualized. (/) The graph shows the percentages of the total number of P2 OR
DNA FISH signals that colocalize with H3K9me3 (n = 40), with H3K4me3 (n =
40), or with H3K27me3 (n = 120). (J) The graph shows the percentages of the
total number of nuclei that have at least one OR gene allele associated with
constitutive heterochromatin (H3K9me3), colocalized with facultative het-
erochromatin (H3K27me3, col.), or located in the boundaries of the facul-
tative heterochromatin domains (H3K27me3, bounds.). P2, n = 75; mOR28,
n = 30; S6, n = 30.

immunostaining using anti-GFP to detect the P2 expressing
neurons. A representative GFP* neuron is shown in Fig. S54 and
Movie S2. First, we measured the 3D distances (in micrometers)
of the P2, S6, mOR28, and OMP gene loci to the heterochromatin
blocks in GFP™ neurons. We found that, whereas the OR genes
are located at equivalent distances from the center of the hetero-
chromatin blocks, the median distance between the OMP alleles
and the center of the heterochromatin blocks is significantly larger
than that of the OR gene loci (Fig. S5B). The 3D distances between
the P2 alleles and the center of the heterochromatin block were
then measured in GFP* neurons. As shown in Fig. S5B, the median
distance between the alleles and the center of the heterochromatin
block was only slightly different in the GFP* and GFP~ neurons.
Because both constitutive and facultative heterochromatins
are repressive, we would expect that active OR gene alleles
would not be associated with them. We next asked what are the
locations of the P2 OR gene alleles in relation to the chromatin
compartments in neurons that express the P2 OR gene, and
therefore must contain one active P2 OR gene allele (Fig. 6 A-D
and Fig. S5C). The percentages of P2 DNA FISH signals that
colocalize with H3K9me3, H3K4me3, or with H3K27me3 in
GFP~ or GFP* neurons were analyzed. We found that, whereas
equivalent percentages (~45%) of the P2 DNA FISH signals
colocalized with H3K9me3 in both GFP* and GFP™ neurons, the
number of signals colocalizing with H3K27me3 is significantly
smaller in GFP* neurons than in GFP™ neurons (12.5% and
27.5%, respectively), and the number of signals colocalizing with
H3K4me3 is larger in GFP" neurons than in GFP™ neurons
(35% and 17.5%, respectively) (Fig. 6D). Next, we asked whether
the P2 alleles in GFP™ neurons colocalize with H3K9ac, a his-
tone mark for actively transcribed genes. As shown in Fig. 6F, we
found that in the GFP* neuron, whereas one of the P2 alleles is

Armelin-Correa et al.

localized to constitutive heterochromatin, the homologous one is
localized near the H3K9ac compartments.

Altogether, these results suggest that in a given olfactory neuron,
the OR gene allele that is associated with constitutive heterochro-
matin is permanently repressed and the remaining one is the one
available for transcription. They also show that the P2 OR gene
alleles do not undergo large-scale repositioning upon activation.

Discussion

In this study, we analyzed the spatial distribution of homologous
OR gene alleles in the nuclei of olfactory neurons. Usually, in
eukaryotic cells, constitutive heterochromatin is found at the
nuclear periphery, whereas euchromatin is mostly located in the
nuclear center (39). However, we found that in the nuclei of
olfactory neurons, the organization of constitutive heterochro-
matin is different: even though heterochromatin clusters can be
visualized at the nuclear periphery, the major bulk of hetero-
chromatin is concentrated in large blocks of constitutive het-
erochromatin, which are located more centrally in the nucleus.
Similar results were recently obtained by Clowney et al. (29).

We show that OR genes that are located on different chro-
mosomes can be found associated with the same central hetero-
chromatin block. These results are in agreement with previous
experiments in which a complex DNA FISH probe that recog-
nizes the complete OR gene repertoire was used (29).

Chromatin immunoprecipitation experiments have shown that
OR genes are marked with the constitutive heterochromatin marks
H3K9me3 and H4K20me3 (28, 29). These marks would be re-
moved later from a single OR gene allele to assure monogenic and
monoallelic OR gene expression. Here we analyzed in detail how
the two homologous alleles of a given OR gene are positioned
in the nucleus relative to the different chromatin marks. Our
immuno-DNA FISH experiments show that, whereas ~45-50%
of the OR gene alleles colocalize with H3K9me3, the remaining
ones do not, indicating that not all of the OR gene alleles are
deeply repressed within constitutive heterochromatin.

It has been previously shown that the two alleles of the Ig Igh
and Igk genes and of the T-cell receptor Tcrb gene, which are
monoallelically expressed, are segregated to different compart-
ments in the nucleus (40, 41). Our observation that in the majority
of nuclei the two homologous OR gene alleles are segregated to
different nuclear compartments suggests that this segregation may
be critical for the characteristic OR gene monoallelic expression.
Accordingly, it is known that OR genes are replicated asynchro-
nously, like all other monoallelically expressed genes (1, 42). Asyn-
chronous replication is established through epigenetic marks early in
development, in such a way that one of the homologous alleles is

H3K27me3
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Fig. 5. Relative positioning of different OR genes in the nucleus of olfactory
neurons. Representative immuno-DNA FISH images of three olfactory nuclei
showing the staining for H3K27me3 (in green) and the OR gene loci (a pool
of BACs containing the P2, S6, mOR28, and olfr211 OR genes was used for
the DNA FISH, shown in red).
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Fig. 6. Positioning of the active P2 OR genes. (A-C) Representative
immuno-DNA FISH images of GFP positive olfactory neurons (yellow)
showing the P2 OR gene loci (red), heterochromatin marks as indicated
(green), and DAPI (blue). In the neuron in A, one P2 allele is colocalized with
H3K9me3 and the other one is not. In the neuron in B, one allele is colo-
calized with the constitutive heterochromatin block (in stack 13) and the
other one is not colocalized with the constitutive heterochromatin block nor
with H3K27me3 (in stack 23). In the neuron in C, one P2 allele is colocalized
with H3K4me3 and the other one with the constitutive heterochromatin
block. (D) The graph shows the percentages of the total number of P2 OR
DNA FISH signals that colocalize with H3K9me3 (n = 40 and 20), H3K4me3
(n =40 and 20), or with H3K27me3 (n = 120 and 40) in GFP~ or GFP™ neurons.
(E) Surface plots of an olfactory nucleus showing H3K9ac in green, GFP in
yellow, and the P2 OR gene loci in red. The allele visualized in stack 12 is
associated with the constitutive heterochromatin block, and the allele vi-
sualized in stack 21 is localized near H3K9ac.

inactivated. Therefore, our results indicate that there is a separate
mechanism for OR gene allelic exclusion: one of the alleles would
be “permanently” inactive, whereas the remaining one would be
available for trancription.

Olfactory neurons that express a nonfunctional OR gene can
switch expression to a second OR gene (43). Switching is im-
portant because it assures that all neurons will express a func-
tional OR. It has also been shown that neurons are able to switch
expression to the homologous OR gene allele (43), indicating
that in these neurons the two alleles have the potential to be
transcribed. It is known that switching can occur only early during
neuron development and during a very narrow window of time
(43). It is possible that during this critical period the repressive
chromatin compartments are not yet stably established, allowing
for switching until a functional OR gene is expressed and OR gene
choice is stabilized. In agreement with this is the recent observa-
tion that biallelic expression of an OR gene is possible but very
infrequent and occurs predominantly in younger neurons (44).

We found that nuclei of olfactory neurons possess prominent
facultative heterochromatin domains that are localized around the
large constitutive heterochromatin block. Interestingly, we found
that in a given nucleus, whereas one of the two homologous OR
gene alleles is associated with constitutive heterochromatin, the
other one is frequently associated with facultative heterochroma-
tin, and that alleles from different OR genes can colocalize within
these domains. Differently from the constitutive heterochromatin,
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facultative heterochromatin is involved in transcriptional regula-
tion and can both have a role in stable gene inactivation (such as
inactivation of the X chromosome) or can be reversed to promote
gene expression of genes during development. It remains to be
determined when and how these facultative heterochromatin
domains are established in the olfactory nuclei, for example, are
they established before or after OR gene expression? The fact that
they are present also in immature olfactory neurons, and that
OR gene choice probably occurs during terminal differentiation
to neurons from neuronal precursors or in immature olfactory
neurons, suggests that they are formed before or concomitant
with OR gene expression. One intriguing possibility is that they
could be formed as a result of the feedback signal that is elicited
by an expressed OR gene to prevent the expression of additional
OR genes, and thereby contribute to the stability of OR gene
choice (44). Alternatively, we cannot yet exclude the possibility
that repression of the OR gene alleles by facultative hetero-
chromatin is established before an OR gene is chosen for ex-
pression, and removed during neuronal development, as it has
been shown for several neural lineage genes (45).

It also remains to be determined how facultative heterochro-
matin would be targeted to OR genes or to OR gene loci. H3K27
methylation is mediated by the Polycomb repressive complex 2
(PRC2) (46), and it has been shown that the PRC2 subunit EED,
which is necessary for H3K27 methylation, is required for asyn-
chronous replication of OR gene loci in mouse ES cells (47). These
results indicate that facultative heterochromatin is involved in
establishing differences between homologous OR gene alleles in
these cells. In addition, binding sites for transcription factors that
are known to recruit PRC2, such as YY1 (which is also a PRC2
subunit) and Th-POK, were found in OR genes (10, 48). Alto-
gether, these results indicate that facultative heterochromatin must
play an important role in OR gene expression. It has been recently
demonstrated that the transient expression of the histone deme-
thylase LSD1, which is able to catalyze the demethylation of both
H3K9 and H3K4, is involved in stable OR gene choice (49). It will
be interesting to determine whether enzymes involved in H3K27
methylation or demethylation can also affect OR gene expression
or the stability of OR gene choice.

The colocalization of OR genes to the same compartments
must contribute to the coordination of the mutually exclusive
expression of these genes. In this way, unrepressed OR alleles
(alleles which are not associated with either type of heterochro-
matin) may be exposed to a particular subnuclear environment
where limiting factors that regulate OR gene expression, such as
the H or P elements, are available. These enhancers, would now
select an OR gene allele from this limited pool of available OR
genes. Alternatively, an OR gene allele would be stochastically and
limitedly selected from the pool of the 1,000 unrepressed, available
OR gene alleles, with the help of one of the enhancers (44). The
expression of this allele would lead to a feedback regulation that
would cause the formation of facultative heterochromatin in the
additional OR genes. Because they are colocalized in the nucleus,
these OR genes could be more efficiently targeted and repressed
by locally acting regulatory RNAs transcribed from one neighbor
OR gene, which has initiated transcription first. Interestingly, it is
known that formation of facultative heterochromatin may require
the action of noncoding RNAs (46).

In conclusion, our results show that the homologous OR genes
are segregated to different chromatin compartments in the nu-
cleus. This spatial segregation is likely to be important for the
monoallelic expression of these genes. Our results also show that
a significant fraction of the OR alleles are repressed in faculta-
tive heterochromatin. The understanding of the mechanisms in-
volved in the function of facultative heterochromatin repression in
olfactory neurons should contribute to the understanding of OR
gene expression.
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Materials and Methods

BAC Clones and Nick Translation. RPCI-23 mouse BAC clones (http:/bacpac.chori.
org/femmouse23.htm) were ordered from Invitrogen (no. RPCI23.C). The BAC
clones were labeled by nick translation with biotin-16-dUTP or digoxigenin
11-dUTP using the Nick Translation kit (Roche).

Animal Procedures. All animal procedures in this study were approved by the
University of Sdo Paulo Chemistry Institute’s Animal Care and Use Commit-
tee, under the protocol number 01/2013.

DNA FISH. DNA FISH in interphase nuclei was performed basically as described
(50). See SI Materials and Methods for details.

Immuno-DNA FISH. Immuno detection of GFP, H3K9me3, H3K4me3, H3K9%ac,
and H3K27me3 was combined with DNA FISH. DNA FISH was performed as
described above, and then slides were incubated with the primary anti-
bodies: policlonal chicken anti-GFP (1:200; Life Technologies, no. A10262),
policlonal rabbit anti-H3K9me3 (1:1,000; Millipore, no. 07-442), anti-
H3K27me3 (1:500; Millipore, no. 07-449), anti- H3K4me3 (1:500; Abcam,
no. Ab8580), and anti-H3K9ac (1:50; Abcam, no. Ab4441). Slides were washed
and incubated with the secondary antibodies Alexa Fluor 514 or Alexa Fluor
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488 (Molecular Probes) and mounted with Vectashield mounting media
(Vectorlabs).

Three-Dimensional Microscopy and Image Analysis. Slides were examined by
using an inverted Nikon Eclipse Ti microscope equipped with a XYZ motorized
stage and a 100x PlanFluor objective lens (oil, NA 1.3). Z-stack images were col-
lected every 0.2 pM with a Roper CoolSnap HQ camera (1 pixel = 0.08 pm).
Deconvolved images were generated using Huygens Essential 3.2. Distances be-
tween signals were measured on 3D-reconstructed image stacks using FlJI Image)
software (51) (http://fiji.scwikifindex.php/Downloads). The number and volume of
heterochromatic blocks shown in Fig. S2 were calculated using the 3D object
counter tool from FIJI. Distances between the OR gene alleles and the gravity
center of the heterochromatin blocks were measured by using Sync Measure 3D.
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