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SUMMARY

DNA and histone modifications, together with constraints imposed by nuclear architecture, contribute to
the transcriptional regulatory landscape of the nervous system.Here,we provide select examples showing
how these regulatory layers, often referred to as epigenetic, contribute to neuronal differentiation and
function. We describe the interplay between DNA methylation and Polycomb-mediated repression dur-
ing neuronal differentiation, the role of DNA methylation and long-range enhancer–promoter interac-
tions in Protocadherin promoter choice, and the contribution of heterochromatic silencing and nuclear
organization in singular olfactory receptor expression. Finally, we explain how the activity-dependent
expression of a histone variant determines the longevity of olfactory sensory neurons.
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OVERVIEW

The nervous system of higher organisms is characterized byan
enormous diversity of cell types that function in concert to
perform a myriad of neuronal functions. In mammals, there
are an estimated 1011 neurons that form 1015 synapses. Dif-
ferences in connectivity, and subsequent physiology of the
connected neurons, are the result of differences in transcrip-
tional programs. The extraordinary complexity of the nervous
system requires a complex regulatory system. Neurons must
interpret subtle fluctuations in spatiotemporal cues during
development in order to commit to specific differentiation
programs, but at the same time, they must retain a level of
synaptic and transcriptional plasticity. It is well established
that transcription factor combinations and the organization
of cis-regulatory sequences control commitment to differen-
tiation programs and preserve a nuclear plasticity required for
neuronal functions. An additional level of regulation is pro-
vided by epigenetic regulatory mechanisms that allow sto-
chastic, mutually exclusive transcriptional choices during
neuronal differentiation. This affords long-lasting transcrip-
tional changes in response to internal stimuli and external
experiences. In fact, the evolution of epigenetic mechanisms
that regulates the nervous system may have been a driving
force in the expansion and evolution of the large numbers
of chromatin- and DNA-modifying enzymes, capable of pro-
ducing a highly complex, yet plastic nervous system in higher
eukaryotes.

This article focuses primarily on epigenetic mechanisms
involved in neurogenesis, the specification of neuronal fates,
and the development of neural circuitry in the brain. We do
not address epigenetic studies of neuronal plasticity, neuro-
degeneration, and psychiatric conditions, such as drug addic-
tion (Fass et al. 2014; Nestler 2014; Rudenko and Tsai 2014).
Changes in chromatin and DNA modifications occur during
the very earliest stages of neuronal development (i.e., during
neurogenesis), and they involve the interplay between DNA
methylation and the Polycomb and Trithorax complexes.
These changes coincide with the gene expression patterns
that govern the developmental decision to adopt neuronal
or nonneuronal (glia) cell identity. On commitment to the
neuronal fate, developing neurons must make choices be-
tween similar, but functionally distinct transcription pro-
grams. Because these neurons are postmitotic, inheritance
of histone and DNA posttranslational modifications cannot
be tested. Thus, we use the word “epigenetic” in neural

processes to describe posttranslational modifications of DNA
that are associated with changes in gene expression. We
describe two examples of this regulation, both of which are
examples of the specification of neuronal identity during
neural circuitry development. The first is the generation of
enormous cell-surface diversity required for neuronal identi-
ty by the stochastic expression of the clustered protocadherin
(Pcdh) genes. The second is the control of olfactory receptor
(OR) gene expression in olfactory neurons, which govern the
sense of smell. Both of these examples contribute to the
establishment of complex neuronal architectures, as well as
functional single-cell diversity, through mechanisms that in-
volve distinct examples of monoallelic expression.

Monoallelic gene expression is an unusual form of gene
regulation in which only one of two alleles of a gene is ex-
pressed. The challenge to the regulatory system is to discern
and differentially express two alleles in the same nucleus. Re-
cent studies have revealed an important role for chromatin
modifications in this process, and similar mechanisms have
also been identified in the immune system inwhich enormous
single-cell diversity of immunoglobulin and T-cell receptors is
generated (see Busslinger and Tarakhovsky 2014). It is not sur-
prising that similar epigenetic mechanisms have evolved to
generate cellular diversity in the nervous system. Generating
panneuronal single-cell diversity in the central and peripheral
nervous system occurs via mechanisms that ensure the sto-
chastic combinatorial expression of cadherin-like Pcdh pro-
teins fromaclusterof genes. In the caseof theORgenes, all but
one ofmore than 1000 possible receptor isoforms are stochas-
tically silenced. This stochastic process contrasts with geno-
mic imprinting, which is an epigenetic process ensuring the
parent of origin determinedmonoallelic expression of certain
genes. These “classic” examples of monoallelic gene expres-
sion, however, do bear some similarities to genomic imprint-
ing in that only one of two identical copies of a gene or
genomic region are silenced in a single-cell nucleus.

We also describe another “epigenetic peculiarity” in ol-
factory neurons involving the expression of a histone H2b
isoform (or variant) named H2be. This histone variant, which
differs by only five amino acids from the canonical H2b pro-
tein, appears to be a gauge of the external olfactory sensory
environment by being exclusively expressed from understi-
mulated olfactory neurons, signaling the shortening of their
life span.
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1 EPIGENETIC REGULATION OF
NEUROGENESIS

Multipotent neuronal stem and progenitor cells give rise
to both neuronal and nonneuronal lineages of the nervous
system (Fig. 1A) (reviewed in Olynik and Rastegar 2012).
Epigenetic processes, some of which are described in this
section, are involved in generating neuronal cells fromnon-
neuronal multipotent precursor cells during neurogenesis.
There are twomain sites of adult neurogenesis: the subven-
tricular (SVZ) zones in the forebrain and the dentate gyrus
of the hippocampus (Alvarez-Buylla and Garcia-Verdugo
2002; Alvarez-Buylla and Lim 2004). These regions, which
contain neuronal stem cells (NSCs), give rise to the major-
ity of the neurons present throughout the lives of mice and
humans (Doetsch et al. 1999). NSCs can be isolated, cul-
tured, and differentiated into various types of neurons in
vitro, thus, making it possible to study epigenetic regula-
tion during neurogenesis in vitro, as well as in vivo. Studies
thus far have revealed that DNA- and chromatin-modify-
ing enzymes (particularly, the DNAmethyltransferase, Tri-
thorax group, and Polycomb group repressive enzymes)
play key roles in this differentiation process (Fig. 1B) (Hir-
abayashi and Gotoh 2010).

DNA methylation is unequivocally implicated in NSC
differentiation, as deletion of the de novo DNA methyl-
transferase, Dnmt3a, shows an approximately 10-fold re-
duction in the rate of differentiation of postmitotic cells
expressing neuronal markers (Wu et al. 2010). Studies on
the role of DNA methylation during neurogenesis (an epi-
genetic mark traditionally associated with repression; dis-
cussed in Li and Zhang 2014) have shown that, atypically,
this type of DNA modification contributes to transcrip-
tional activation, as well as repression of neurogenic genes
(Wu et al. 2010). A closer look at the genome-wide binding
of Dnmt3a revealed a widespread distribution of binding
sites across the euchromatic genome with significant en-
richment within genes and intergenic regions (Fig. 2).
Many of these Dnmt3a-rich regions localize to transcrip-
tionally active genes in the NSCs in which the chromatin is
marked by high levels ofH3K4me3 on promoters (Wu et al.
2010). A statistically significant number of these Dnmt3a
target genes, such as Dlx2 and Sp8, are involved in neuro-
genesis or neuronal functions. In contrast, in transcrip-
tionally inactive genes, the peak of Dnmt3a-dependent
methylation maps to transcription start sites (TSS). Thus,
it appeared that the role of DNA methylation in transcrip-
tional activity may depend on the genomic context.

NSC

Epidermis

EctodermPSC NPC Neuron

GPC
Oligo-

dendrocyte

Astrocyte

Mature
neuron

PostmitoticMitotic

DNMTs

Nestin
GFAP

Trb2 NeuNDCX

EPIGENETIC

REGULATORS

NEURONAL
LINEAGE

MARKERS

TrxG proteins

PcG proteins

A

TrxG/
KDM

PcG

Dnmt

B

Me Me
Me

Me Me

Me

MMeMeMeMe

Figure 1. Epigenetic regulation of neurogenesis. (A) The temporal involvement of variousmajor epigenetic regulator
molecules, acting at key fate-defining genes, such as Dlx2, are indicated alongside the neurogenic differentiation
pathway (i.e., cells shaded in pink). PcG, Polycomb group; TrxG, Trithorax group; DNMT, DNAmethyltransferase;
PSC, pluripotent stem cell; NSC, neuronal stem cell; NPC, neuronal precursor cell; GPC, glial progenitor cell. (B)
The interplay and modes of action of the three types of epigenetic-regulating molecules involved in the neuronal
differentiation process are illustrated. Dnmt3a methylates the gene bodies and upstream regulatory sequences of
neurogenic genes, such as Dlx2. This nonpromoter methylation protects these genes from Polycomb-mediated
silencing. MLL1, through the trimethylation of H3K4 and demethylation of H3K27me3 (by association of KDM6),
also antagonizes Polycomb-mediated silencing of Dlx2 to promote neurogenesis.
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An explanation for this finding may be provided by the
discovery that 5-hydroxymethylcytosine (5hmC) is present
in the mammalian genome, and is approximately 10-fold
more abundant in neurons than in peripheral tissues or
embryonic stem (ES) cells (Kriaucionis and Heintz 2009;
Munzel et al. 2010; Szulwach et al. 2011). Until recently, it
was not possible to distinguish between 5mC and 5hmC.
We now know that the distribution of 5hmC varies between
distinct regions of the brain and between the brain and ES
cells (Szulwach et al. 2011). For example, 5hmC is enriched
in gene bodies and depleted from TSS in neurons, whereas
the opposite is the case in ES cells. More recent studies
revealed that the relationship between the distribution of
5hmC, 5mC, and gene expression is brain cell specific, and
the methyl-CpG-binding protein 2 (MeCP2) binds to
5hmC in the brain (Mellen et al. 2012). Additional studies
led to the proposal that when MeCP2 binds to 5hmC, it

facilitates transcription in neural cell types, but can act as a
repressor when bound to 5mC-containing DNA (Fig. 2).
This proposal was based on the observation that 5hmC
is enriched in euchromatin, whereas 5mC is enriched in
heterochromatin (Mellen et al. 2012). Remarkably, MeCP2
proteins bearing a Rett syndrome mutation R133C display
altered binding to 5hmC DNA, suggesting that MeCP2
mutations alter the chromatin distribution of the proteins.
The investigators of this work speculated that neuronal cell-
specific dynamic gene regulation is the consequence of the
three-dimensional (3D) chromatin structure, which is de-
termined by the levels of 5mC, 5hmC, andMeCP2 (Mellen
et al. 2012).

Dnmt3a-dependent de novo DNA methylation has
been shown to inhibit the binding of the Polycomb repres-
sive complex PRC2 (Wu et al. 2010). The neurogenic genes
that require Dnmt3a are known targets of PRC2 in non-
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Figure 2. Epigenetic mechanisms involved in the regulation of gene expression during neurogenesis. Typically, CpG
island–containing genes are mostly housekeeping genes and, consequently, are ubiquitously active. In early devel-
opment, just postimplantation, these genes may not yet be active, but are marked by a bivalent chromatin signature,
consisting of H3K4me3 and H3K27me3. Most of these genes will be activated during development via H3K27
demethylation (top line). A subset of these genes that are tissue-specific neurogenic genesmay, subsequently, become
silenced in nonneuronal or fully differentiated neuronal cells, through H3K9 methylated heterochromatin forma-
tion (top right). Other neuronal-specific genes may delay activation, but remain bivalently primed for expression
until neuronal differentiation ensues (middle line). Pluripotency genes, largely, do not contain CpG islands in their
promoters. They are active during early development and become repressed following differentiation by conven-
tional H3K9 methylation and DNA methylation mechanisms. ESC, embryonic stem cell; NSC, neuronal stem cell;
CGI, CpG island.
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neuronal lineages (Hirabayashi et al. 2009). For this reason,
it is thought that Dnmt3a-dependent DNA methylation
prevents the binding of the inhibitor, in this case, PRC2
(Fig. 2; see the active NSC locus). Indeed, deletion of
Dnmt3a results in an increase in PRC2 binding to these
neurogenic genes in NSCs and, thus, enrichment of
H3K27me3 on their promoters. Conversely, partial rescue
of the neurogenic Dnmt3a deficit and reexpression of neu-
ronal markers occurs following knockdown of PRC2 com-
ponents in these Dnmt3a knockout NSCs.

Dnmt3a-dependent DNA methylation is not the only
factor involved in the control of Polycomb-mediated si-
lencing in neurogenesis. The Trithorax (trxG) protein com-
plex is the bona fide inhibitor of the Polycomb group, as
shown by complementary genetic and biochemical studies
first performed in Drosophila and, subsequently, extended
to other model organisms (described in Grossniklaus and
Paro 2014; Kingston and Tamkun 2014). It is important to
note that genes subject to PcG regulation typically contain
CpG islands at their promoters and are initially bivalently
marked by H3K4me3 and H3K27me3 in pluripotent stem
cells (Fig. 2). A member of the trx group, Mll1 (mixed
lineage leukemia 1), is required for neurogenesis in the
postnatal brain, as is Dnmt3a (Fig. 1) (Lim et al. 2009).
Mll1 trimethylates H3K4 (H3K4me3), an epigenetic mark
that is associated with transcriptional competence. Mll1
also mediates H3K27 demethylation by recruiting the his-
tone demethylase KDM6 (Fig. 1B) (Burgold et al. 2008).
Conditional deletion of MLL1 in NSCs results in postnatal
atrophy of brain regions, which involves postnatal neuro-
genesis, ataxia, and death between P25 and P30 (Lim et al.
2009). Expression analysis of the MLL1 knockout NSCs
revealed significant down-regulation of neurogenic genes,
such as Dlx2. Further analysis of the SVZ showed that, in
wild-type mice, nucleosomes in the Dlx2 promoter are
marked only by H3K4me3, but in Mll1 knockout mice, it
is bivalently marked by H3K4me3 and H3K27me3. The
simultaneous presence of these histone marks is typically
found in ES cells at bivalent loci that remain poised until
cell differentiation signals cause transcriptional activation
and H3K27me3 demethylation of certain neural genes
(Bernstein et al. 2006). Therefore, a possible role of Mll1
in neurogenesis is to protect Dlx2 from Polycomb-mediat-
ed silencing by reversing H3K27me3. Indeed, the neuro-
genesis deficits observed in the Mll1 knockout mice were
partially rescued by Dlx2 overexpression. Thus, the inter-
section of the three epigenetic pathways on the Dlx2 gene,
which encodes a transcription factor with a pivotal role in
neurogenesis, determines whether a multipotent cell com-
mits to the neuronal lineage. When Dnmt3a and Mll1 pre-
vent Polycomb-mediated repression of the Dlx2 promoter,
the cell differentiates into a neuron (top line of Fig. 2).

When an NSC fails to activate Dlx2, then a glial fate ensues
(see Fig. 1A). For nonneuronal cells, Dnmt3a and Mll1 are
not activated at neuronal-specific loci and, thus, PRC2 acts
to trimethylate H3K27, resulting in gene repression.

There are, however, numerousopenquestions regarding
the epigenetic control of early neurogenesis and, without a
doubt, Dnmt3a, Mll1, and PRC2 are only a few of the reg-
ulatory factors involved in this developmental process. For
example, as mentioned earlier, it is not yet clear if further
modification of 5-methylcytocine to 5-hydroxymethylcy-
tocine in gene bodies and intergenic regions contributes
to the competition between Polycomb and Trithorax, and
whether additional DNA- or chromatin-modifying com-
plexes and transcription factors are involved in determining
the final balance between neurogenesis or gliogenesis (Ric-
cio 2010). Research is also needed to understand the cross
talk between the various epigeneticmechanisms (Jobe et al.
2012). Significant advances are being made into under-
standing the role of nucleosome remodelers (elaborated in
Becker and Workman 2013), such as microRNAs, histone
variants, and histone deacetylases (see Seto and Yoshida
2014) in the process of neurogenesis (reviewed inHirabaya-
shi and Gotoh 2010; Ma et al. 2010; Tyssowski et al. 2014).

2 EPIGENETIC REGULATION OF Pcdh
PROMOTER CHOICE

Gene regulation involving DNA and chromatin modifica-
tions enables the fine-tuning of the nervous system. This is
illustrated by two examples discussed in the following sec-
tions: (1) the control of the expression of clustered Pcdh
genes in this section, and (2) the OR gene choice described
in Section 3. A common feature of the two gene families is
that their regulation generates vast diversity among neu-
rons, which allows them to adopt specialized functional
identities. However, this is accomplished by distinct mech-
anisms. In the case of the Pcdh genes, stochastic promoter
choice occurs by multiple independent, random choice
events across three clusters of genes on two chromosomes.
This usually results in monoallelic expression as a result of
simple probability, but there is not a mechanism that en-
forces monoallelism. Promoter choice in the OR system is
truly “monoallelic” in that it relies on random activation of
a singleOR gene coupledwith strictmonoallelic expression
(Chess 2013).

2.1 Clustered Pcdh Genes

Individual neurons engage in multiple and precise synap-
tic connections with other neurons through an elaborate
network of dendrites and axons, which collectively form a
neural arbor (see Fig. 3A). During development, a growing
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Figure 3. Neurons require a mechanism for self-recognition. (A) Drawing of a Purkinje cerebellar neuron empha-
sizes the elaborate dendritic arborization. (B) Arbors of the blue neuron must make connections with the neigh-
boring orange neurons while avoiding connectivity with other blue arbors. This image emphasizes the need for a
“barcoding”mechanism for self-avoidance. (C) The genomic organization of clustered Pcdh genes. Pcdh-a, -b, and
-g clusters span a genomic region of≏1 Mb. Thea cluster has 12monoallelically variable exons and two biallelically
expressed variable exons (C1 and C2). All variable exons splice to the three constant exons that code for the
intracellular region. Similarly, the Pcdh-g cluster has 19 monoallelically expressed variable exons and three variable
exons (C3, C4, and C5) that are biallelically expressed. All variable exons splice to the constant exons except at the b
cluster. (D) Wild-type retinal starburst amacrine cells. (E) Deletion of the 22 variable exons of the Pcdh-g cluster
abolishes self-avoidance of retinal starburst amacrine cells resulting in dendritic collapse and luck of arborization.
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neurite (i.e., axons and dendrites) must precisely navigate
through a sea of hundreds, if not millions, of other devel-
oping neurites and find the appropriate target to connect
with, while maintaining the ability to distinguish and
minimize interactions with neurites emerging from its
own cell (i.e., sister neurites; see Fig. 3B). Thus, prevention
of synaptic interactions between sister neurites is essential
for proper neural connectivity, signal transmission, and
computation of neuronal signals. In both vertebrates and
higher invertebrates, the solution to this problem is to
provide a unique extracellular identity tag to every neuron,
similar to a “barcode,” in which neurites containing the
same barcode recognize and repel each other (Cameron
and Rao 2010; Grueber and Sagasti 2010). This mecha-
nism is called self-avoidance, a process that ensures that
neuronal processes from the same neuron repel each other
during arborization and axon branching to avoid clump-
ing. Self-avoidance also prevents extensive overlapping in
the arborization pattern and facilitates the coverage of the
neuronal processes across different regions of the nervous
system during development.

The mechanisms by which a highly diverse barcode is
generated in vertebrates and flies are different. Diversity in
Drosophila neurons is generated by one of the most com-
plex examples of alternative pre-mRNA splicing known,
whereas, in mammals, diversity is achieved through a com-
bination of higher-order chromatin organization, stochas-
tic promoter choice, and alternative splicing. Drosophila
neurons express the Dscam1 gene, which encodes a trans-
membrane proteinwith extracellular immunoglobulin-like
domains. Through alternative splicing of a large number of
variable exons, an individual Drosophila neuron expresses
approximately 10 to 15 isoforms, out of about 38,000 avail-
able combinations, of which 19,008 have a different extra-
cellular domain (Schmucker et al. 2000). The Dscam1
immunoglobulin domains on the cell surface of one den-
drite interact exclusively (i.e., “homophilically” with its
counterpart on the opposing dendrite). These homophilic
interactions ultimately lead to repulsion of the dendrites
through a process requiring the intracellular domains of the
Dscam1 proteins.

Single-cell identify of mammalian neurons is thought
to be provided by the clustered Pcdhs rather than themam-
malian Dscam homologs, as the latter have a simple orga-
nization compared with theirDrosophila counterparts, and
therefore cannot generate high levels of cell-surface diver-
sity (Schmucker and Chen 2009). The clustered Pcdh gene
family consists of approximately 70 family members in the
mouse and 58 in humans (Wu andManiatis 1999;Wu et al.
2001). The mechanism by which Pcdh diversity is generat-
ed is distinct from that which generates Dscam diversity.
The organization of the Pcdh gene clusters is, however,

remarkably similar to that of the immunoglobulin and T-
cell receptor gene clusters discussed in Busslinger and Tar-
akhovsky (2014) and Wu and Maniatis (1999). The extra-
cellular domains of Pcdhs are encoded by “variable” exons,
whereas the intracellular domains are encoded by three
“constant” exons (see Fig. 3C). The variable extracellular
domains of Pcdh proteins function in self-recognition
through homophilic interactions (Schreiner and Weiner
2010; Chen and Maniatis 2013; Zipursky and Grueber
2013; Thu et al. 2014), whereas the constant intracellular
domain appears to be involved in cell signaling (Wu and
Maniatis 2000;Han et al. 2010; Schalm et al. 2010; Suo et al.
2012). The intracellular domain can be released from the
membrane by the combined activities of a metalloprotei-
nase and g-secretase in a process that requires endocytosis
(Haas et al. 2005; Hambsch et al. 2005; Reiss et al. 2006;
Bonn et al. 2007; Buchanan et al. 2010). The intracellular
domain is then thought to translocate to the nucleus,
but neither the regulation of this process nor the cytoplas-
mic or nuclear function of the intracellular domain is
understood.

The extracellular domain of Pcdh proteins, likeDscams,
appears to mediate homotypic repulsion (Schreiner and
Weiner 2010; Zipursky and Sanes 2010; Lefebvre et al.
2012; Yagi 2012, 2013; Chen and Maniatis 2013; Zipursky
andGrueber 2013; Thu et al. 2014). This has been shown by
genetic manipulation of the Pcdh gene clusters; deletion of
the 22 Pcdh-g genes (Fig. 3C) results in the disruption of
dendritic self-avoidance in retinal starbust amacrine cells (a
type of retinal interneuron) (see Fig. 3E) and cerebellar
Purkinje cells (inhibitory neurons involved in motor coor-
dination) (Lefebvre et al. 2012). Considering the large dif-
ference in the number of distinct Dscam and Pcdh protein
isoforms (19,000 compared with 58), it is surprising that
the Pcdhs could generate the cell-surface diversity sufficient
for single-cell identity. However, cell aggregation studies
provided evidence that Pcdhs engage in homophilic inter-
actions as multimeric complexes, thus dramatically in-
creasing the potential single-cell diversity provided by the
Pcdhs (Schreiner andWeiner 2010; Thu et al. 2014). In fact,
theoretical calculations suggest that comparable levels of
single-cell diversity can be generated by the invertebrate
Dscam gene and vertebrate clustered Pcdhs (Yagi 2012;
Thu et al. 2014). Recent studies have shown that all but
one of the members of the Pcdh-a, -b, and -g gene clusters
are capable of individually engaging in homophilic inter-
actions as monomers, and that multimers display highly
specific interactions. Examination of homophilic interac-
tions between specific combinations of multiple Pcdh iso-
forms revealed that Pcdh combinatorial recognition
specificities depend on the identity of all of the expressed
isoforms. However, the nature of the multimer (dimer,
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trimer, or higher-order multimers) and complexes on the
cell surface have yet to be established (Thu et al. 2014).

2.2 Pcdh Gene Regulation

This section describes the genomic organization of the
three Pcdh gene clusters, and Section 2.3 describes the
chromatin and epigenetic mechanisms that underlie their
stochastic expression in individual neurons. Remarkably,
the pattern of Pcdh expression in mouse and human cell
lines is maintained indefinitely through many rounds of
cell division. The timing of promoter choice during neu-
ronal differentiation in vivo and its stability during cell
division in vivo (if it occurs) remains to be shown. Never-
theless, the stability of promoter choice in neuroblastoma
cell lines suggests the existence of mechanisms that faith-
fullymaintain expression patterns duringDNA replication.
Such mechanisms could allow a stable pattern of Pcdh ex-
pression through the life of an individual neuron, thereby
maintaining neuronal self-identity. Continued studies on
the mechanisms of Pcdh promoter choice during develop-
ment, and the epigenetic mechanisms involved in deter-
mining whether and how the choice is maintained, should
provide important insights into the role of Pcdh diversity
in the assembly of neural circuits.

To understand the epigenetic regulation of this gene
cluster, it is necessary to describe its genomic organization
and expression. The extracellular domains of the mouse
Pcdh-a and -g genes are encoded by 14 and 22 variable
exons, respectively (Fig. 3C). Each of the variable exons is
transcribed from its own promoter. Transcripts initiated
from these promoters read through the downstream vari-
able exons (i.e., C1 and C2 in Fig. 4A). The 5′ splice site
nearest the start site of transcription is then cis-spliced to
the first constant exon (Con1 in Fig. 4B). Two types of var-
iable exons have been identified: the alternately expressed
exons (i.e., Pcdh-a1-12, andPcdh-g1–22) and thebiallelic
ubiquitously expressed exons (Pcdh-a C1 and C2, and
Pcdh-g C3, C4, C5) (Esumi et al. 2005).

The expression of the alternately expressed exons is de-
termined by random promoter choice. For example, in the
case of the Pcdh-a cluster, promoter choice is stochastic
and occurs independently on each chromosome in an in-
dividual neuron, based on single-cell analyses of Purkinje
cells from F1 mouse hybrids (Esumi et al. 2005). Thus,
different maternal and paternal alternate promoters are
stochastically activated in each neuron. This choice is not
strictly limited to a single alternate promoter; sometimes,
two or more different alternate Pcdh isoforms from a clus-
ter can be expressed on each chromosome. Thismechanism
ultimately results inmonoallelic promoter choice (i.e., each
chromosome expresses one ormore unique isoforms) (Fig.

4B). This is different than the monoallelic expression of X-
linked genes in females (see Brockdorff andTurner 2014) or
immunoglobulin receptors (described in Busslinger and
Tarakhovsky 2014); in these cases, a single copy is expressed
and chosen at random from only one chromosome in each
cell (see Chess 2013 for a comparison of the different
monoallelic expression mechanisms). Another distinction
from monoallelic immunoglobulin genes is that, in addi-
tion to the alternately expressed exons, five “C”-type exons
are expressed ubiquitously and biallelically (C1–C5, of
which two are expressed from the a cluster and three
from the g cluster) (Esumi et al. 2005; Kaneko et al.
2009). These C1–C5-type exons (Fig. 3B) are also spliced
to the constant exons (Con1–3) (Fig. 4B). The Pcdh-b
cluster differs in that the variable exons encode complete
proteins with only short cytoplasmic domains and, thus,
are unlikely to have signaling potential (at least on their
own). Taken together, this stochastic, combinatorial (i.e.,
a combination of 1–2 Pcdh-a, 1–2 Pcdh-b, and 1–2 Pcdh-
g isoforms in a single cell), and partially monoallelic pat-
tern of expression of the three Pcdh gene clusters can po-
tentially generate extraordinary cell-surface diversity (see
Yagi 2012 for discussion).

2.3 Epigenetic Control of Pcdh Expression

In this section, we will focus on what is known about the
genetic and epigenetic mechanisms that regulate promoter
choice in the Pcdh-a cluster as a paradigm, but it is virtu-
ally certain that similarmechanisms are used in the Pcdh-b
and -g gene clusters.

The promoters of every alternately expressed exon, and
a subset of the biallelic exons, share a conserved sequence
element (CSE) required for transcriptional activation (Wu
et al. 2001; Tasic et al. 2002). Beyond this common pro-
moter element, long-distance enhancers are required for
maximum levels of Pcdh expression. For the Pcdh-a clus-
ter, these include two cis-regulatory sequences, hypersen-
sitive sites HS7 and HS5-1, identified by in vivo DNase I
sensitivity assays, which function as nervous-system-spe-
cific enhancers based on transgenic reporter assays (Ribich
et al. 2006).

Deletion of HS5-1 inmice results in a decrease in Pcdh-
a gene expression throughout the brain (Kehayova et al.
2011). In particular, expression of exons proximal to HS5-
1, which contain a CSE element (i.e., Pcdh-a6–12, in ad-
dition to Pcdha-C1) is most affected by the deletion (Fig.
5A). In nonneuronal tissues, however, deletion of HS5-1
results in up-regulation of Pcdh-a gene expression. Exam-
ination of the DNA sequence of HS5-1 revealed that this
enhancer contains a sequence element known to function
as a silencer (Kehayova et al. 2011). This element, referred
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Figure 4. Alternative splicing produces variable Pcdh isoforms. (A) Hypothetical example showing the expression
pattern of the Pcdh-a cluster in a single neuron, inwhich one of the alternative promoters is activated in a seemingly
stochastic fashion on each chromosome. An enlargement of the exon 1 promoter region shows the two CCCTC-
binding factor (CTCF) binding sites (conserved sequence element [CSE] and exonic CTCF binding site [eCBS]).
The enlargement of the HS5-1 enhancer shows the two CTCF binding sites (a and b) and the neuron-restrictive
silencer factor (NRSF) binding sequence, neuron-restrictive silencer element (NRSE). (B) The pre-mRNAs pro-
duced the maternal and paternal alleles, showing monoallelic expression of variable exons a1 and a8, but biallelic
expression of the C-type exons. The variable pre-mRNAs contain all the variable exons located downstream from the
selected promoter, which are subsequently spliced to the Con1–3 exons. Only the exon located immediately down-
stream from the selected promoter will be spliced to the exons encoding the intracellular constant region. (C) Each
variable exon encodes for six ecto- (cadherin) domains involved in self-recognition, most probably through ho-
motypic repulsion.
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to as the neuron-restrictive silencer element (Fig. 4A) (Ke-
hayova et al. 2011), is known to act as a repressor when
bound by NRSF, a repressor expressed in nonneuronal
tissues that inhibits neurogenic transcription by the re-
cruitment of repressive protein complexes (Lunyak and
Rosenfeld 2005).

The HS7 enhancer is also required for maximum levels
of Pcdh-a expression in the brain, as its deletion results
in a moderate down-regulation of Pcdh-a gene expression
(Kehayova et al. 2011). This observation indicates that
maximum levels of Pcdh-a gene expression require the
combined activity of both the HS5-1 and HS7 enhancers.
A simple model to explain the data is that all variable exon
promoters have an equal chance of being activated, but a
stochastic process selects one for activation (Fig. 4), the
determining factor of which may be its interaction with
HS7 and HS5-1.

Beyond the DNA sequence elements of the Pcdh gene
clusters, recent studies have revealed that the random sto-
chastic promoter choice correlates with a combination of
epigeneticmarks onDNA (i.e., DNAmethylation) and his-
tones (e.g., H3K4me3), and DNA-binding factors that af-
fect higher-order chromatin structure. Because there is a
mixed population of cells in the nervous system, and each
cell expresses a distinct set of Pcdh isoforms, it is difficult to
gain mechanistic insights into the regulation of Pcdh pro-
moter choice in vivo. Progress, however, has been made
using certain cell lines that stably express specific sets of
Pcdhs tomake correlationsbetweenDNAmethylation, pro-
tein binding, chromatin modifications, and Pcdh isoform
expression. For example, such studies have shown that the
insulator binding protein, CTCF, and the cohesin complex
subunit, Rad21, bind to two sites at active Pcdh promoters,
the CSE upstream of the TSS and an exonic CTCF binding
site (eCBS) downstream from TSS, and to two sites within
the HS5-1 enhancer sequences (Golan-Mashiach et al.
2012; Monahan et al. 2012). This observation was corrob-
oratedbystudiesof adiploidhumanneuroblastomacell line
SK-N-SH, which stably expresses a small subset of Pcdha
isoforms (Fig. 5A) (Guo et al. 2012). The CTCF protein is
known, among other functions, to promote long distance
cis and trans genomic interactions (Phillips and Corces
2009), and Rad21 (a cohesin subunit) was recently shown
to stabilize such interactions in a fashion similar to the
stabilization that occurs for sister chromatid cohesion dur-
ing mitosis (Kagey et al. 2010). Thus, the simultaneous
presence of these two molecules on both the active variable
promoters and a distant enhancer suggested that CTCF and
cohesin may mediate enhancer/promoter interactions (see
Kim et al. 2014 for further discussion). This does not ex-
plain, however, how only one, or sometimes two, of the 13
variable Pcdh-a promoters are selected for activation in

individual cells. It is intriguing, though, that CTCF and
the cohesin subunit Rad21 are only bound to promoters
that are transcriptionally active, suggesting that initial
choice may be accomplished by the selective binding of
this complex to one of these competing promoters. In sup-
port of this idea, all the nontranscribed variable promoters
are heavily methylated on CpG dinucleotides (Tasic et al.
2002; Kawaguchi et al. 2008). CpG methylation of CTCF-
binding sites is known to abolish CTCF binding and, spe-
cifically, to CSE (Guo et al. 2012), in vitro, providing an
epigenetic mechanism for promoter choice. Of course, in
this case, the question is only moved a step back because
promoter choice then becomes a question of how all but
one variable promoter are methylated. However, the initial
promoter choice is made, pharmacological inhibition of
DNA methylation in cell lines that express only a subset
of variable exons leads to reactivation of all the variable
promoters that were normally silent in these cells (Kawagu-
chi et al. 2008). These results are equally consistent with an
alternative mechanism, though, in which initially all the
variable promoters are unmethylated and CTCF/Rad21
is bound, but only interaction with HS5-1 stabilizes this
complex on the chosen promoter. The other variable pro-
moters would eventually lose CTCF/Rad21 binding and
they would becomemethylated, “locking” them into a per-
manent silent state without basal transcription activity.
The silencing of the variable promoters not chosen could
then be reinforced by heterochromatinization, as shown
in olfactory sensory neurons (OSNs) by the enrichment
of H3K9me3 and H4K20me3 marks on the silent vari-
able exons (Magklara et al. 2011). Recently, a conditional
knockout of the CTCF gene was used to show that the al-
ternately expressed promoters require CTCF for normal
levels of transcription in the cortex and hippocampus,
whereas the biallelic promoters, ac2 and gc4, do not (Hir-
ayama et al. 2012). This observation is consistent with the
notion that CTCF/cohesin organizes the enhancer/pro-
moter interactions in such a way that the alternately ex-
pressed promoters are chosen stochastically, in contrast to
the biallelic exons.

The symmetric relationships between the two CTCF/
cohesin binding sites in the promoter/exon and the HS5-1
enhancer suggests the interesting possibility that if the
HS5-1 enhancer and promoter do interact through DNA
looping, the CTCF/cohesin complex simultaneously binds
to the enhancer and promoter to form a “double clamp”
(i.e., two binding points between each DNA element and
CTCF/cohesin complex), which may play a role in the epi-
genetic stabilization of promoter choice (Fig. 5B) (Guo
et al. 2012; Monahan et al. 2012).

Long-range DNA-looping interactions in SK-N-SH
cells between enhancers and promoters of the Pcdh-a clus-
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ter were detected using quantitative 3C assays (described
in the text and Fig. 5 of Dekker and Misteli 2014). Inter-
actions of varying strength were detected between both
the HS7 and HS5-1 enhancers and the transcriptionally
active promoters. The same experiments performed after
small hairpin RNA knockdown of CTCF or the cohesin
subunit Rad21 significantly decreased all of the enhanc-
er/promoter DNA-looping interactions. These results,
coupled to data indicating the requirement of both enhanc-
ers for maximal expression of Pcdh-a alternately expressed
exons, suggest a complex mechanism of promoter choice;
Guo et al. (2012) proposed that the DNA-looping inter-
actions in the Pcdh-a gene cluster recruit CTCF-bound
promoters to enhancers in an active “transcriptional
hub” (Fig. 5B). Thismodel is based on extensive and highly
specific functional and physical interactions between pro-
moters and enhancers, and the fact that the formaldehyde
cross-linking used in the ChIP-seq and 3C studies would
be expected to cross-link a large complex containing mul-
tiple enhancers and promoters. In this model, the DNA-
looping interactions between HS5-1 and the promoters
of a8 and a12 are formed by a double-clamping mecha-
nism between the HS5-1a/HS5-1b sites of the enhancer
and CSE/eCBS sites of alternate promoters (Fig. 5A). At
the same time, HS5-1must interact with ac1 because HS5-
1 is required for its expression (Ribich et al. 2006; Kehayova
et al. 2011). Also, HS7 must directly interact with ac2,
as well as with the active alternate promoters and ubiqui-
tous promoters, because this enhancer interacts with and
is required for the maximum activation of these pro-
moters (Kehayova et al. 2011). Finally, long-range DNA-
looping interactions are formed between enhancers and
active promoters. All of these observations are consistent
with the model illustrated in Fig. 5B, in which the apparent
simultaneous interactions between the two enhancers and
multiple promoters leads to the formation of a large “tran-
scriptional hub.”

In summary, the regulation of Pcdh gene expression
constitutes a complex regulatory system that involves un-
usual transcriptional and posttranscriptional events of par-
amount importance for the development and wiring of the
nervous system. Although much has been learned since the
discovery of this remarkable gene family, significant open
questions, nonetheless, remain that likely involve epigenet-
ic processes. For example, how does the splicing machinery
recognize only the 5′ splice site proximal to active promot-
ers, and ignore all of the downstream 5′-splice sites? This is
likely to be a consequence of the organization of chromatin
on the active and inactive variable region exons (Magklara
et al. 2011; Monahan et al. 2012). Other questions include:
At what point during neural differentiation does promoter
choice occur, and how stable is the choice once it is made?

As mentioned above, the specific pattern of Pcdh isoform
expression in neuronal cell lines is stable over many gener-
ations, so, it is likely that an epigenetic mechanism is in-
volved. However, given the elaborate enhancer/promoter
interactions described above, the mechanism of epigenetic
stability must be complex. Another question is: How can
stochastic promoter choice and selective expression of in-
dividual Pcdh gene cluster occur at the same time? For
example, Pcdh-a, but not -b or -g, is expressed in the
dorsal raphe and serotonergic system, but one presumes
that stochastic choice still occurs in the Pcdh-a gene cluster
(Katori et al. 2009). Finally, it will be of great interest to
understand the organization of the proposed Pcdh tran-
scription hub in individual neurons.

3 EPIGENETIC REGULATION OF OR CHOICE

Until recently, the H3K9me3 and H4K20me3 histone
marks were considered hallmarks of constitutive het-
erochromatin described as occurring exclusively at peri-
centromeric and subtelomeric regions of the mammalian
genome. These are primarily repetitive regions of the ge-
nome, with little abundance of genic regions. Epigenomic
analysis of primary olfactory neurons, however, revealed
an unexpected enrichment of H3K9me3 and H4K20me3
on ≏5% of mouse genes, namely, the OR genes (Magklara
et al. 2011). Thus, this type of heterochromatin may actu-
ally be dynamic and directly involved in gene regulation,
rather than solely to preserve genomic integrity and repress
retrotransposons and other repetitive elements.

3.1 Anatomy and Genetics of the Olfactory System

A description of the anatomy of the olfactory epithelium
and bulb are helpful in understanding how this organ is
functionally regulated at the genetic and epigenetic levels.
In higher organisms, volatile odorants are detected by
OSNs via G-coupled OR proteins, with seven membrane-
spanning domains found on the surface (Fig. 6D) (Buck
and Axel 1991). In mammals, these neurons reside in a
specialized sensory organ called the main olfactory epithe-
lium (MOE), which covers the lumen of the nasal cavity
(Fig. 6A,B) (Axel 1995). The olfactory epithelium regener-
ates throughout life, and is composed of three main cell
types organized in intermingling layers: basal cells, which
are multipotent stem cells that give rise to all the other cell
types of this sensory organ; OSNs, which are postmitotic
neurons with odor-detection potential; and sustentacular
(supporting) cells, which are nonneuronal cells that line
the apical layer of the epithelium. The dendrites of the
olfactory neurons terminate in cilia, which project beyond
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the apical layer of the MOE and contain ORs, and make
contact with volatile odorants in the lumen of the nasal
cavity (Fig. 6C).

Most mammals havemore than 1000 olfactory or odor-
ant receptor genes, organized in genomic clusters of vari-
able size (from two to about 200 OR genes), distributed

acrossmost chromosomes (Glusman et al. 2000; Zhang and
Firestein 2002; Nei et al. 2008). The extraordinary number
of genes dedicated to odor detection illustrates the impor-
tance of this chemosensory system in the survival and re-
production of most animal species. The question of how
this myriad of OR genes are regulated in OSNs has in-

Odorant molecules

D

C

B

A

Olfactory
tractOlfactory

bulb

Olfactory
epithelium

Olfactory
mucus

Glomeruli

Mitral cell

Cilia

Olfactory
sensory
neurons

Olfactory
bulb

Olfactory
epithelium

Basement
membrane

Basal cells

Supporting
cells

Lumen

Figure 6. Introduction to olfactory receptors (ORs). The anatomy of
the olfactory system is shown in increasing degrees of magnification
from A to D, down to the depiction of ORs, which are G-protein-
coupled receptors with seven transmembrane a-helices (D). Purple
arrows throughout indicate the pathway of olfactory system trans-
duction from the entrance of odorant molecules into the nasal cavity
(A), their binding toORs (C), and transduction of the signal through
the olfactory system (B). (A) Head cross section in the mouse, indi-
cating the olfactory tissues containing OSNs. The MOE is the olfac-
tory sensory organ containing OSNs, basal pluripotent cells (blue),
and sustentacular supporting cells (yellow nuclei). Each OSN ex-
presses one type of OR (three types illustrated for simplicity as green,
red, and purple) and the axons of OSNs expressing the same OR
project to the same glomerulus in the olfactory bulb in which they
synapse with interneuron/mitral cells to transmit the signal to the
brain. Glomeruli map spatially into zones based on similarity of
OR characteristics. (C) Enlargement of OSN cilia, depicting the
single type of OR (red or purple), which binds a particular type of
odorant molecule. (D) Structure of the seven transmembranes span-
ning the OR.
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trigued researchers for a number of years. A striking char-
acteristic of OR genes is that they are expressed in a mutu-
ally exclusive, monogenic, and monoallelic fashion; that is,
each OSN expresses only one OR gene from a choice of
more than 1000, from only one parental allele (Fig. 7A)
(Chess et al. 1994; Shykind 2005). It is important to note
that unlike parental imprinting, which is described in detail
elsewhere in this collection (Barlow and Bartolomei 2014),
maternal and paternal OR alleles are expressed in equal
frequencyoverall in the olfactory epithelium, so, expression
is termed “monoallelic” because both alleles are never coex-
pressed in the same neuron (Fig. 7B,C). This expression
pattern is distinct from imprinting because the parent of
origin does not determinewhich allele is used, and it differs
from the Pcdh promoter choice because only one OR allele
is expressed in an individual neuron, rather than one, two,
ormore isoforms that can be expressed independently from
each parental copy from the Pcdh clustered genes. This
expression pattern, known as the “one receptor per neuron”
rule, is essential for the proper functioning of the olfactory
system because the identity of the OR protein not only
provides specificity in odorant detection, but also plays
an instructive role in the guidance of its axon toward a
specific glomerulus within the olfactory bulb (Fig. 7D,E)
(Mombaerts et al. 1996;Wang et al. 1998; Barnea et al. 2004;
Serizawa et al. 2006).

The glomerulus is a spherical structure located near the
surface of the olfactory bulb, and it contains synapses be-
tween incoming OSN axons and the dendrites of mitral,
tufted, and periglomerular cells residing in the olfactory
bulb. If a neuron were to express more than one OR allele,
it would respond inappropriately to different odorants, and
would send signals to the wrong brain regions, resulting in
sensory confusion and an olfactory system with impaired
discriminatory power. Therefore, immense evolutionary
pressure has resulted in perfecting this unique olfactory
system and epigenetic mechanisms have evolved to safe-
guard the singularity ofORexpression, asmentioned above
(Fig. 4B). Simply stated, in the case of Pcdhs, the two chro-
mosomes make independent stochastic choices, whereas in
OR regulation, onlyoneOR allele fromonlyone cluster and
one chromosome is expressed.

Some spatiotemporal specificity of OR gene regulation
can be attributed to the promoter sequence signatures that
ensure olfactory-restricted gene expression, through the
binding of combinations of highly abundant transcription
factors, such as Emx2, Lhx2, and Olf/Ebf (O/E) family
members (Wang et al. 1997; Hirota and Mombaerts 2004;
Rothman et al. 2005; McIntyre et al. 2008). Mapping of the
TSS of OR genes revealed that they have extremely AT-rich
sequences, with similar transcription factor-binding sites
predicted ≏1 kb upstream of and ≏1 kb downstream

from their TSS (Clowney et al. 2011; Plessy et al. 2011).
Promoter signature variations ensure that each OR gene is
subject to spatiotemporal restrictions visible as, at least, four
broad “zones” of expression in the MOE, two of which are
visible in Fig. 7D (Ressler et al. 1993;Vassaret al. 1993). This
transcription factor–mediated control, however, is not suf-
ficient to restrict OR activation to only one promoter per
neuron. Thus, the fundamental question of howonlyone of
the thousands of equivalent promoters is transcriptionally
active ineachOSNremainsunanswered. In themouse, there
are approximately 1400ORgenes, ofwhich about 1100have
detectable transcripts (Clowney et al. 2011) in the MOE.
Identical paternal and maternal OR alleles are never coex-
pressed (i.e., its monoallelic property). A critical mecha-
nism for this mutually exclusive expression pattern is
the existence of a feedback signal that is generated by the
expression of an OR protein to prevent the transcriptional
activation of additional ORs (Serizawa et al. 2003; Lewcock
and Reed 2004; Shykind et al. 2004; Nguyen et al. 2007).
Lineage tracing experiments have shown that if a neuron
makes a choice of a “nonfunctional” OR (because ≏20%
of OR genes in the mouse are pseudogenes), the choice will
be reset and the faulty OR allele replaced with a functional
allele.

3.2 Epigenetic Regulation of Monoallelic
OR Expression

Another mechanism that contributes to the specificity
missing at thepromoter level is the actionof distant enhanc-
er elements, which usually implicates a level of epigenetic
regulation through chromatin marks and spatial organiza-
tion (described further in Kim et al. 2014). Some distal OR
enhancers have been described as being required for the
proper expression of some OR genes (Serizawa et al. 2003;
Khan et al. 2011). For example, the H enhancer element is
necessary for the transcription of three ORs located 75 Kb
downstream from its genomic location. This element can
also drive the widespread expression of a transgenic OR
when inserted proximal to its promoter (Serizawa et al.
2003). Moreover, chromosome conformation capture (3C
and 4C), and two-color DNA fluorescence in situ hybridi-
zation (FISH) experiments, have shown that the H element
interacts both in cis and trans (i.e., on the same anddifferent
chromosomes) with actively transcribed ORs (Lomvardas
et al. 2006).However, the interaction ofHwithORalleles in
trans is not necessary for their expression (Fuss et al. 2007)
and, based on results presented below, the trans interaction
is most likely the consequence of the spatial segregation of
active and silent OR alleles. A few ORs can, nonetheless, be
expressed without distal regulatory elements as mini trans-
genes (minigenes) with ,500 bp of DNA sequence up-
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Figure 7. Monogenic and monoallelic OR gene expression in the MOE and olfactory bulb. (A) A schematic
representation of an OR gene cluster containing three genes, illustrating the monogenic and monoallelic nature
of OR expression. (B,C) Immunofluorescence hybridization illustrates the monoallelic nature of OR gene expres-
sion. Maternal and paternal alleles of an OR gene are tagged with lacZ (red) and green fluorescent protein (GFP,
green) by knocking-in two reporter genes. (B) A section of theMOE shows that there is a lackof coexpression of both
parental alleles in a single OSN nucleus. (C) A section of the olfactory bulb shows that neurons expressing an OR
from either the paternal or maternal allele coalesce in the same glomerulus. (D,E) OR expression is monogenic and
expressed in a zonal fashion. Two different OR genes have been tagged with red fluorescent protein (red) and GFP
(green), respectively. (D)Whole-mount imaging of theMOE shows the zonal distribution of expression between the
two genes. (E) The axons of the neurons that express different OR genes coalesce in distinct and spatially separated
glomeruli in the olfactory bulb. (Images kindly donated by Dr. Thomas Bozza.)
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stream of the TSS (Vassalli et al. 2002; Rothman et al. 2005;
Vassalli et al. 2011).

Transgenic ORs, in the form of minigenes or large yeast
artificial chomosome (YAC)-based transgenes, are never
coexpressed with endogenous ORs that share identical
regulatory sequences. In addition, identical paternal and
maternal OR alleles are never coexpressed. The fact that
transgenic and endogenous ORs with the same regulatory
sequences (Ebrahimi et al. 2000; Serizawa et al. 2000; Vas-
salli et al. 2002), or the identical paternal and maternal
OR alleles, are never coexpressed in the sameneuron (Chess
et al. 1994; Feinstein and Mombaerts 2004) argues for a
mechanism of gene silencing to achieve monoallelic ex-
pression. Based on experiments using transgenic ORmini-
genes, the coding sequence of ORs, specifically the second
exons of these genes, appears to contain the sequence in-
formation necessary for the repression of transgenes
(Nguyen et al. 2007). Thus, a simple solution for the main-
tenance of the monogenic and monoallelic OR expression
is epigenetic silencing.

3.3 The Chromatin Structure and Nuclear
Organization of OR Clusters in OSN
Development

OR genes found in many cell lines have led to these regions
being viewed as “epigenetic deserts,” based on numerous
ChIP-on-chip or ChIP-seq experiments (Larson and Yuan
2010). This description is attributed to the lack of enrich-
ment for any known chromatin modifications (Mikkelsen
et al. 2007). However, ChIP-on-chip analysis with chroma-
tin prepared from the MOE, the tissue in which OR genes
are expressed, revealed the unexpected enrichment for
H3K9me3 and H4K20me3 on ORs (Magklara et al. 2011).
The presence of these heterochromatin marks is so specific
to OR loci (and only a few other monoallelically expressed
gene families, such as vomeronasal receptors) that genomic
OR clusters can be identified solely based on the presence
of H3K9me3 and H4K20me3 (Fig. 8A). Further analysis
showed that H3K9 and H4K20 trimethylation of OR chro-
matin occurs in a differentiation-dependent and cell-type-
specific manner. Specifically, in the pluripotent basal cells
that support the constant regeneration of this tissue, be-
cause olfactory neurons have a finite life span, or in the
case of injury, ORs are marked only with H3K9me2. On
differentiation and commitment to the neuronal lineage,
the trimethylmarks are deposited onORs (Fig. 8B). Impor-
tantly, these marks are not restricted to promoters, as is the
case for Polycomb-mediated repression, but spread over the
entire gene into the intergenic regions betweenneighboring
ORs, generating continuous genomic blocks of heterochro-
matin often .1 Mb long. The active allele in each mature

OSN appears to be liberated from this epigenetic silencing
with high enrichment for activating histone marks, such as
H3K4me3, and depletion of H3K9me3 and H4K20me3
(Magklara et al. 2011). This epigenetic switch from repres-
sive to activating histone modifications is restricted only to
the allele that is transcriptionally active; ChIP-qPCR (quan-
titative polymerase chain reaction) experiments from fluo-
rescence-activated cell-sorted neurons, which express a
specific OR allele that is tagged by GFP, confirmed that
neighboring ORs from the same cluster or the identical
allele inherited from the other parent are epigenetically si-
lenced as are the rest of the ORs.

The marking of OR chromatin with H3K9me3 and
H4K20me3 coincides with molecular and biochemical
manifestations of heterochromatinization, such as recruit-
ment of HP1b, reduced DNase I sensitivity, and altered
sedimentation properties. Thus, the epigenetic silencing
ofOR loci could renderORpromoters inaccessible to abun-
dant transcription factors predicted to bind to them, po-
tentially explaining why, in each OSN, the nonchosen OR
genes and other parental alleles are completely silent at the
transcriptional level. In agreement with this hypothesis,
inserting a reporter transgene within the heterochromatic
boundaries of an OR locus results in them being marked
with H3K9me3 andH4K20me3, and leads to its expression
in a zonal, sporadic, andmonoallelic fashion that coincides
with the neighboringOR gene (Pyrski et al. 2001;Magklara
et al. 2011). In a rare showing of bona fide epigenetic regu-
lation, this reporter transgene, which normally is expressed
independently of Emx2, a transcription factor that activates
OR transcription, becomes Emx2dependentwhen inserted
within OR heterochromatin (Magklara et al. 2011). Inser-
tion of the same transgene into other parts of the genome
results in its expression inmostMOE neurons (Pyrski et al.
2001), suggesting that the epigenetic state of the neighbor-
ingOR influences the expression of the transgene, in a fash-
ion similar to classic position effect variegationdescribed in
Elgin and Reuter (2013).

The timing of OR silencing, which occurs before OR
gene activation, combined with the fact that the active OR
allele is devoid of H3K9-methyl marks, immediately sug-
gests that demethylation of H3K9 is a requirement for OR
gene activation. Indeed, genetic experiments revealed that
H3K9 demethylase Lsd1 is necessary for the initiation, but
not the maintenance, of OR transcription (Fig. 8B) (Lyons
et al. 2013). Moreover, timely down-regulation of Lsd1 in
response to a signaling pathway triggered byORexpression
(Dalton et al. 2013; Lyons et al. 2013) is necessary for the
stabilization of OR choice, providing evidence for the par-
amount role of chromatin-mediated silencing and desi-
lencing in OR gene regulation (Rodriguez 2013; Tan et al.
2013; Ferreira et al. 2014).
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Figure 8.MOE-specific epigenetic regulation ofOR gene choice duringOSNdevelopment. (A) A heatmap depicting
various enrichment levels for H4K20me3 on all the genes of mouse chromosome 2, from ChIP-on-chip analysis
fromMOE or liver. Red reflects high enrichment levels and green shows no enrichment. The three “red clusters” of
high H4K20me3 levels coincide with the genomic coordinates of the OR clusters, schematically represented on this
chromosome in orange to the left of the heatmap. (B) OR clusters start in early development (ES cells), devoid of
most histone marks. At the onset of olfactory neurogenesis, OR clusters are marked with H3K9me2. Most OR genes
then become marked by H3K9me3 and H4K20me3 during the transition from basal pluripotent cells to OSN. The
OR allele that is chosen for expression (i.e., OR2) becomes liberated from its repressive chromatin marks and
remodeled into an active chromatin configuration, aided by the action of the H3K9 demethylase, LSD1, and
becomes positive for H3K4me3. Toward the end of the OSN differentiation pathway, the locking in of a single
active OR gene is facilitated by the OR protein-induced expression of adenylyl cyclase III (Adcy3), which inhibits
further LSD1 histone demethylation.
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3.4 Spatial Organization of OR Genes

At the 3D level, nonexpressed OR genes converge in the
nucleus into foci near the center of the nucleus. Recent
experiments have shown that the epigenetic silencing of
OR genes during neuronal differentiation in the MOE is
coincident with widespread nuclear reorganization that
culminates in intra- and interchromosomal association of
hundreds of OR alleles within a few (approximately five)
OR-selective heterochromatic foci (Fig. 9A) (Clowney et al.
2012). These aggregates are similar in size to the nucleolus
and are frequently arranged on the periphery of the hetero-
chromatic chromocenter of the olfactory nucleus, which
primarily contains pericentromeric and centromeric re-
peats. Thus, OR foci represent nuclear territories highly
enriched for heterochromatic markers, such as H3K9me3,
H4K20me3 and HP1b (Fig. 9B), and are devoid of land-
marks of euchromatin, such as Pol II, H3K4me3, and
H3K27ac. The active OR allele in each OSN escapes these
heterochromatic OR foci, but is found in transcriptionally
competent nuclear territories with typically euchromatic
epigenetic signatures (Clowney et al 2012; Armelin-Correa
et al. 2014) that also frequently contain the H enhancer
(Lomvardas et al. 2006).

The fact that OR foci are incompatible with transcrip-
tion or other nuclear processes is also suggested by mea-
surements made with the novel imaging technique SXT.
SXT is a high-resolution imaging method that relies on
the same principle as medical X-ray imaging (Le Gros
et al. 2009); as X rays penetrate a biological specimen
(e.g., an olfactory nucleus or your broken hand), they are
more efficiently absorbed in regions of concentrated organ-
ic material (i.e., compacted heterochromatin, in the case of
the nucleus, or bone tissue, in the case of your hand). The
fraction of X ray absorbed in different parts of the nucleus
can be quantified and is higher in heterochromatic than
euchromatic territories. SXT of olfactory nuclei reveals a
unique nuclear architecture with high-absorbing hetero-
chromatin in the center of the nucleus and even denser
chromatinparticleson theperipheryof thisheterochromat-
ic core (Fig. 9C). Because these dense aggregates are OSN
specific and have a nuclear arrangement and number sim-
ilar to that ofOR foci,wehypothesized that they correspond
to the previously described aggregates revealed by the pan-
OR FISH. Notably, these aggregates have X-ray absorption
properties higher than pericentromeric heterochromatin
(Clowney et al. 2012). Only sperm nuclei, in which prot-
amines replace histones, have more compacted chromatin
than these OSN-specific foci as determined by SXT.

Does the OSN-specific spatial aggregation of OR loci
contribute to OR silencing and the monogenic expression
of these genes?Anunusual feature ofOSNnuclei is that they

have an “inside-out” nuclear morphology, whereby hetero-
chromatin is aggregated in the center of the nucleus and
euchromatin is peripheral, in sharp contrast to the textbook
viewof nuclearorganizationwith heterochromatin restrict-
ed to the nuclear envelope. This inverse nuclear organiza-
tion is actually found in other types of sensory neurons,
such as photoreceptor neurons, in the retinal epithelium
(Solovei et al. 2009). In olfactory neurons, the reason for
the “collapse” of heterochomatin in the nuclear core is the
lack of the nuclear envelope protein, LBR. In most cells, the
amino terminus of LBR interacts with HP1 proteins and is
shown to recruit heterochromatin to the nuclear periphery
(e.g., basal cell in Fig. 9E) (Worman et al. 1988; Pyrpaso-
poulou et al. 1996; Hoffmann et al. 2002). A loss-of-func-
tionmutation in theLBRgene innon-OSNcells of theMOE
(Shultz et al. 2003) causes pericentromeric heterochroma-
tin to be localized to the nuclear core and ectopic aggrega-
tion of OR genes. Conversely, ectopic LBR expression in
OSNs reverts the inside-outnuclearmorphologyby recruit-
ing heterochromatin back to the nuclear envelop and allow-
ing euchromatin to claim the interior parts of the nucleus
as in most mammalian cell types. One consequence of
this dramatic reorganization is that OR aggregation is per-
turbed and the OR foci are dissolved. From a biochemical
perspective, this results in decompactionofORheterochro-
matin as detected by increased DNase I sensitivity and re-
duced X-ray absorption using SXT imaging. These changes
occur despite the fact that these genes remain marked by
H3K9me3 and H4K20me3, suggesting that this epigenetic
signature translates to an inaccessible chromatin structure
onlyon proper secondary (intrachromosomal) and tertiary
(interchromosomal) folding (Fig. 9D). Functionally (i.e.,
from a transcriptional perspective), LBR-induced disrup-
tion of OR foci results in coexpression of hundreds of OR
alleles in each olfactory neuron and, thus, in the dramatic
violation of the one receptor per neuron rule that describes
the monogenic and monoallelic expression of OR genes
(illustrated in the defective OSN cell, Fig. 9E) (Clowney
et al. 2012).

In summary, OR choice is a complex process that relies
on chromatin-mediated silencing and selective desilencing
on one out of thousands of available alleles. Although the
aforementioned data provide a conceptual framework for
the regulatory principles ofORexpression,major questions
must be answered for a comprehensive understanding of
this unique process. For example, there is no information
on the source of “singularity” that activates only one OR
allele at a time, or signaling pathway and the molecular
targets of the feedback signal elicited by OR expression.
Moreover, the identity of the histone methyltransferases
and demethylases responsible for the silencing and activa-
tion of OR genes in not known and neither are the mech-
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Figure 9. The spatial organization of OR gene clusters duringOSN differentiation. (A) DNA FISH showingOR gene
cluster distribution using a panOR probe (red) on MOE sections. The signal is diffuse at the basal pluripotent cells,
but aggregated in neuronal nuclei (the nuclear borders are highlighted). (B) PanOR foci (red) are enriched at regions
marked with H3K9me3, H4K20me3, and HP1b (green), suggesting that they are heterochromatic aggregates of the
silent OR alleles. (C) Soft X-ray tomography (SXT) of an olfactory nucleus shows that compacted chromatin
(highlighted by a blue star) is aggregated at the center of the nucleus. At the periphery of this heterochromatic
core, SXTreveals evenmore compacted structures (pointed by blue arrow) that areOSN specific. (D) A schematic 3D
nuclear landscape shows all the heterochromatic OR clusters converging, in cis and trans, to form silent foci incom-
patible with transcription. The active OR allele is physically separated from the inactive OR aggregates. This is based
on epigenetic data obtained fromChIP-on-chip experiments depicted as heatmaps. (E) Prior toOSNdifferentiation,
the precursor basal stem cell has a typical nuclear configuation with regard to heterochromatin with peripheral foci.
The OR clusters are randomly distributed in nuclear space. Following differentiation, aggregation of all but one OR
allele to heterochromatic foci surrounding the pericentromeric chromocenter of anOSNnucleus occurs. This serves
the monogenic and monoallelic expression of these genes and depends on the down-regulation of lamin B receptor
(LBR). Ectopic LBR expression in OSNs dissolves the OR foci, reverses the nuclear morphology, and causes the
simultaneous expression of hundreds of ORs in a striking violation of the one receptor per neuron rule.
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anisms by which they are recruited with such specificity on
the OR loci. Finally, the mechanism responsible for the
specific aggregation of silenced OR alleles and placement
of the active OR allele outside of the repressive OR foci
remains unknown. Of great interest will be to determine
if the same methyltransferase activities responsible for the
aggregation of pericentromeric heterochromatin (Pinheiro
et al. 2012) are also responsible for the focal distribution of
OR genes.

4 EPIGENETIC REGULATION OF OLFACTORY
NEURON LIFE SPAN

Olfactory neurons, unlike most neurons, have a finite life
span of ≏90 d and are constantly being replaced by neuro-
genesis that lasts through adulthood. OSNs, however, do
not all have the same life span; their longevity is determined
by the type ofOR they express and abundance of its cognate
odorant in the environment (Santoro and Dulac 2012). A
key regulator of this process is, surprisingly, a previously
uncharacterized histone variant named H2be. This histone
variant differs by only five amino acids from the common
H2b isoform and is expressed only in mature olfactory
and vomeronasal (pheromone-detecting chemoreceptors)
neurons. Although the molecular mechanism by which
H2be affects longevity is not yet understood, it is striking
that this histone variant cannot be acetylated ormethylated

on lysine 5, two posttranslational modifications associated
with transcriptional elongation. As a result, olfactory neu-
rons with high levels of H2be, which are particularly en-
riched at euchromatic parts of the genome, have low levels
of methylated and acetylated lysine 5 of H2b. This is indic-
ative of some kind of replication-independent mode of
H2b substitution with H2be.

H2be has a sporadic expression pattern in the olfactory
epithelium; some neurons have undetectable levels of this
histone and others have moderate to high levels, based on
immunofluorescence experiments. Strikingly, the identity
of the receptor seems to determine the expression rates of
H2be, given that the levels of H2be are the same among
neurons that express the same OR gene. In fact, olfactory
neurons with ORs that are frequently activated in a specific
environment retain low levels of H2be in their nuclei (i.e.,
the red OSNs in Fig. 10). Loss- and gain-of-function ex-
periments with knockout and knockin mice revealed that
H2be promotes the apoptosis of understimulated olfactory
neurons and reduces their life span. Thus, H2be acts as a
sensor of neuronal stimulation and determines the longev-
ity of the neuron; if a neuron is frequently activated, then
H2be levels are low and the life span of that neuron is
extended. If the neuron is dormant, then it will die faster.
The benefit of this mechanism is obvious: Because ORs
are stochastically chosen, many neurons might express re-
ceptors that are useless in a specific environment. If these

EXPERIENCE

H2be

Life span

H2be

Life span

Figure 10. The H2be histone variant in OSNs. The figure summarizes results of experimental manipulations
showing that olfactory experience regulates the expression levels of H2be and dictates the longevity of olfactory
neurons. Neurons frequently activated (in red) do not accumulate H2be in the chromatin of OR clusters and live
longer, eventually dominating the MOE.
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neurons have a shorter life span, after several rounds of
neurogenesis and OR choice, the olfactory epithelium will
have a higher percentage of “useful” olfactory neurons and
thus operate as a sensory organ that is better “tuned” to a
specific odorant environment (Monahan and Lomvardas
2012; Santoro and Dulac 2012).

The unexpected discovery that a histone variant with
extreme tissue specificity determines the life span of olfac-
tory neurons in an activity-dependent manner provides an
elegant showing of the diversity of epigenetic processes that
contribute to the development and function of the nervous
system. In addition to the regulation of H2be expression,
neuronal activity may directly affect the stability of OR
choice because Lsd1 down-regulation requires OR-induced
expression of Adcy3 (Lyons et al. 2013), the major contrib-
utor of cAMP, in response to OR activation by odorants.
Thus, the olfactory system, with its extreme regulatory re-
quirements, provides an excellent model system for the
study of the interplay between neuronal activity and epige-
netic processes that control nuclear plasticity and regulate
neuronal longevity.

5 SUMMARY AND PERSPECTIVE

In this article, we provided four specific examples of epige-
netic processes involved in the development and wiring of
the nervous system. There are, of course, other epigenetic
processes involved in the nervous system in both vertebrates
and invertebrates. For this, we point you to several excellent
reviews and papers therein (Dulac 2010; Zocchi and Sas-
sone-Corsi 2010;Qureshi andMehler 2012; Russo andNes-
tler 2013). In three of the cases covered in this article, the cell
under study has to “make” decisions that will determine its
developmental fate and function: choice between neuro-
genesis or gliogenesis, choice between a combination of
Pcdh isoforms, and choice of a single OR allele. In all three
cases, a choice is determined by the balance between epige-
netic silencing and activation, but the mechanistic details
differ depending on specific regulatory needs. In the case of
neural precursor cells, in which this choice is determined
by extrinsic signals and thus is highly regulated during de-
velopment, there is a balance between Polycomb and Tri-
thorax complexes modulated by Dnmt3a activity. In the
case of Pcdh and olfactory gene choice, however, which
are seemingly stochastic and the goal is to achieve maxi-
mum diversity of expression programs rather than specific
transcriptional outcomes, different, unknown, epigenetic
regulators are involved, which assure that only one of mul-
tiple promoters will become accessible to the transcription
machinery. On the other hand, in the case of the histone
variant H2be, the role of this protein is not to determine a
developmental decision or make a transcriptional choice,

but to affect the longevity of the neuron through mecha-
nisms that are not yet understood. Most certainly, novel
epigenetic mechanisms will emerge from the study of other
neuronal processes, such as learning andmemory, neuronal
plasticity, critical periods, neurodegeneration, and replace-
ment of neurons during adult neurogenesis. In all of these
cases, a common question that needs to be answered is how
external input received by different neuronal populations
translates into specific epigenetic changes resulting in tran-
scriptional and physiological output.
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