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Introduction

The last decade has seen substantial growth in our understanding of mammalian genomes,

both at the DNA sequence level and the regulatory mechanisms that modulate their function

(The ENCODE Project Consortium, 2012; Lander et al., 2001; Waterston et al., 2002).

Advances in genome biology have informed every discipline in biology, including

neuroscience. Not only has our understanding of the development and evolution of the

nervous system improved in response to the genomic revolution, but it has also reinforced

the notion that genetic information governs neural processing and behavior. The recent

striking demonstration that genes quantitatively affect distinct behavioral modules in the

mouse (Xu et al., 2012), in a fashion similar to what was known for decades in invertebrates

(Benzer, 1973), suggests that genetics play a major role in perception, cognition, and

behavior of higher organisms. Appreciating the genetic underpinnings of neural processing,

without a doubt, will modify our efforts to understand neurological and psychiatric disorders

and will provide new approaches for the understanding of the brain.

Upon agreement that genes control behavior, an obvious next question is how the expression

of these genes is regulated and coordinated for the generation of a functional nervous

system. Seminal experiments performed over half a century revealed how combinations of

transcription factors, utilizing the basic principles of synergy and cooperativity that were

first described in the lambda phage (Ptashne, 1989), transform spatiotemporal cues to

precise orchestration of gene expression and development of the nervous system (Albright et

al., 2000). Although these regulatory mechanisms are, by and large, encoded by the genome

itself, there are an increasing number of paradigms whereby information encoded in the

DNA is overruled by so-called “epigenetic” factors. Although the term “epigenetic” in its

original definition assumed heritability, in the case of post-mitotic neurons inheritance of

epigenetic information is not applicable; therefore, for the needs of this review, the use of

the term epigenetic refers to the Greek etymology of the word, which means “over the

genetic information”. Any time we use the term “epigenetic” in this essay, we simply refer
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to modifications of chromatin and its structure that do not result from changes to the

underlying DNA sequence, regardless of heritability. DNA and post-translational histone

modifications constitute the best-characterized epigenetic modifications, and their role in

neural processes is described in detail in other reviews of this issue. Here, we will focus to a

relatively novel axis of epigenetic regulation, which is not directly linked to the epigenetic

marks of a genomic locus but instead to its nuclear coordinates. Experiments in various cell

types and organisms suggest that the genetic material is a three-dimensional structure

defined by topological constraints that may differ between cell types and differentiation

states. Thus, the linear order depicted by the genomic coordinates is not necessarily retained

in the 3-dimensional nuclear space. Therefore, a gene’s nuclear neighborhood could

potentially determine its transcriptional competence or activity, or coordinate the expression

of many genes found on separate chromosomes by bringing them in close spatial proximity.

Increasingly, evidence suggests nuclear organization does indeed have functional

implications and is the subject of regulation. This suggests that the spatial organization of

the nucleus, or nuclear architecture, is likely to play an important role in directing cellular

differentiation, organismal development, and disease etiology. In this review, we discuss the

current understanding of the role that nuclear architecture plays in the developing nervous

system. We focus predominantly on the biology of mammalian organisms, but in some cases

will include insights observed in other model organisms (e.g. Drosophila melanogaster). We

will first provide a general survey of known features of 3-dimensional nuclear organization:

higher-order organization of the chromatin fiber, spatial localization of chromosomes and

distinct chromatin types, and organization of nuclear processes in nuclear bodies (Figure 1).

We aim to provide only a general introduction and refer an interested reader to more

extensive reviews on the subject (Bickmore and van Steensel, 2013; Misteli, 2007). We will

then highlight examples in which nuclear architecture has been implicated in the

development and/or function of neural cell types, emphasizing the potential insights that can

be applied to neurogenesis at large.

Principles of Nuclear Architecture

The nucleus serves as a repository for the DNA content of a cell. Within the cell nucleus,

DNA is packaged in chromatin. At its most fundamental level, chromatin is a repeating

array of nucleosomes, which may be remodeled, post-translationally modified, or altered

through the incorporation of histone variants to modulate this basic structure (for review, see

(Bernstein et al., 2007; Campos and Reinberg, 2009; Hargreaves and Crabtree, 2011)). In

addition, chromatin is organized into complex but regulated topological hierarchies that

determine domains of chromosomal interaction and form the basis of nuclear

subcompartments. These aspects of high-order chromatin organization are just coming into

view.

Using a number of approaches related to chromosome conformation capture (3C), which

uses frequency of ligation between crosslinked and digested genomic DNA to measure

chromosomal interactions (Box 1, for review see (de Wit and de Laat, 2012)), multiple

groups have investigated higher-order chromatin organization in various model organisms.

These studies reveal that chromatin folds into topological associated domains (TADs),

regions of widespread intrachromosomal interaction that are isolated from the surrounding
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chromatin by sharp boundaries. TADs are roughly 0.1-1 megabases (Mb) in size and are

themselves organized into much larger interaction domains (Lieberman-Aiden et al., 2009).

Furthermore, higher-resolution analysis of genomic loci flanking key developmental genes

in embryonic stem cells has identified smaller blocks of interactions within previously

identified TADs. These were labeled sub-TADs (Phillips-Cremins et al., 2013). The picture

that emerges from these studies is a hierarchical organization of genomic folding where

blocks of chromatin self-assemble into interacting globules, which then assemble into still

larger domains of chromatin (Lieberman-Aiden et al., 2009).

TADs are separated from one another by boundary elements that limit the extent of

intrachromosomal interactions. These boundaries are distinguished by a set of common

features, mainly enrichment for gene promoters, hallmarks of accessible chromatin and

transcription, and binding of insulator proteins such as CTCF (Dixon et al., 2012; Hou et al.,

2012; Sexton et al., 2012). Some of these features, such as CTCF binding, are often found

near transitions between distinct chromatin states (Barski et al., 2007). Indeed, TAD

organization often nicely overlaps with domains of histone modifications. This raises the

question of whether TAD formation is driven by epigenetic marks or if the boundaries of

local chromatin states are a product of TAD organization. In support of the latter hypothesis,

establishment of TADs is observed prior to the appearance of histone modification domains

during stem cell differentiation (Dixon et al., 2012), which suggests that formation of TADs

is independent of the underlying epigenetic modification state. Consistent with this, genetic

deletion of histone modifying enzymes disrupts histone modification status but not TAD

organization (Nora et al., 2012). These findings suggest that TAD organization may serve as

a framework for the establishment and alteration of epigenetic modification.

How does the description of TADs inform our understanding of gene regulation?

Interestingly, while TAD boundaries are maintained with differentiation, the frequency of

intrachromosomal contacts within TADs is altered (Dixon et al., 2012; Nora et al., 2012).

This may reflect dynamic activity of distal regulatory enhancers (Phillips-Cremins et al.,

2013). In this way, TADs may represent a coordinated block of chromatin, restricting

enhancer-promoter interactions to those found within its boundaries. A gene’s

transcriptional activity would then be predominantly regulated by the activity of relevant

cis-regulatory modules within its TAD and refined by modulation of the finer chromosomal

architecture within this domain (Figure 1). Experimental evidence supports this view; genes

within a single TAD were found to have correlated expression changes during

differentiation, and genetic deletion of a boundary element led to dysregulation of genes in

the neighboring TAD greater than 1 Mb away (Nora et al., 2012). Thus, TADs may be a

fundamental organizing unit of DNA and DNA-dependent processes such as transcription.

Chromosome territories and nuclear location

Chromosomes occupy discrete locations within the cell nucleus as opposed to interweaving

in the nuclear space. These domains are commonly referred to as “chromosome territories”

(CTs) (for review, see (Cremer and Cremer, 2010; Cremer et al., 2006; Lanctôt et al.,

2007)). CTs generally demonstrate only limited mobility within the interphase nucleus

(Abney et al., 1997; Strickfaden et al., 2010); however, visualization of genetic loci in yeast
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and flies indicates that within a CT chromatin is highly mobile and displays movement

consistent with constrained diffusion (Marshall et al., 1997; Vazquez et al., 2001). Thus,

chromatin mobility allows for genomic loci to sample potential interactions within a nuclear

neighborhood -- which is presumably critical for the dynamic use of enhancer elements --

while the overall organization of the nucleus is maintained.

The three-dimensional location of genes within a chromosome territory has been suggested

to influence or reflect gene expression. This was based on models that suggested that genes

within the interior of a CT have limited access to the transcriptional machinery (Cremer and

Cremer, 2001). Thus, inactive genes would relocate to the boundary of a CT upon

transcriptional activation. However, the relationship between gene position within a CT and

transcription status is uncertain. Expressed genes do not necessarily reside at the CT

periphery (Küpper et al., 2007; Mahy et al., 2002b), nor is looping out of a CT a requirement

for transcriptional activation (Hakim et al., 2011). For example, while the murine Hoxd

cluster escapes its CT during activation in the tail bud, no such looping is observed in its

expression domain in the limb (Morey et al., 2007). Nevertheless, many loci show a

reproducible preference for localization outside of their respective CTs (Chambeyron and

Bickmore, 2004; Küpper et al., 2007; Mahy et al., 2002a; Volpi et al., 2000; Williams et al.,

2002). 3C-related approaches have consistently noted a propensity for gene rich, active

genomic loci to make long-range interchromosomal interactions (Hou et al., 2012; Kalhor et

al., 2011; Lieberman-Aiden et al., 2009; Sexton et al., 2012; Simonis et al., 2006), which

demonstrates that these regions must have access to other chromosomal regions or

territories, perhaps as part of transcription factories (see below). These findings are

supported by DNA fluorescence in situ hybridization (FISH) experiments that have observed

transcription-dependent chromosomal intermingling (Branco and Pombo, 2006) or

localization of gene exons to the periphery of a CT (Boyle et al., 2011). What might regulate

localization within a CT is not completely clear, but DNA methylation appears to play a

role. For instance, human cells with a mutation in DNMT3B have hypomethylation of a

pseudoautosomal region (PAR) on the inactive X chromosome and greater localization of

this region to the periphery of the inactive X CT (Matarazzo et al., 2007). Thus, the

positioning of genes within a chromosome territory is often linked to transcriptional status,

although further investigation is required in order to establish a functional relationship

between the two.

In addition to the territorial organization of chromosomes, the nucleus is partitioned into

distinct subcompartments or domains, with CTs distributed throughout these domains in a

non-random fashion. It is now well established that certain chromosomes tend to populate

the nuclear interior while others are found adjacent to the nuclear envelope. Chromosomal

location correlates with gene density and chromosome size; small, gene-rich chromosomes

tend to localize to a more interior position than large, gene-poor chromosomes (Boyle et al.,

2001; Cremer et al., 2001; Croft et al., 1999). The observation that gene-rich chromosomes

congregate towards the nuclear interior may reflect a general affinity between

transcriptionally active regions, which has been described using DNA FISH (Shopland et al.,

2006) and 3C techniques (Hou et al., 2012; Kalhor et al., 2011; Lieberman-Aiden et al.,
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2009; Sexton et al., 2012; Simonis et al., 2006; Splinter et al., 2011; Yaffe and Tanay, 2011,

Li et al., 2012, Chepelev et al., 2012).

The nuclear periphery, in contrast, is populated by domains of repressed heterochromatin

that are tethered to the nuclear lamina. Several groups have identified the lamina-associated

chromatin (referred to as lamina-associated domains or LADs) using DamID (Box 1, van

Steensel and Henikoff, 2000). These studies have revealed LADs as large domains of little

transcriptional activity demarcated by sharp boundaries (Guelen et al., 2008; Pickersgill et

al., 2006; van Bemmel et al., 2010). LADs lack active chromatin marks and have been found

to correlate with some but not all repressive chromatin marks depending on the study,

species, and marks investigated (Pickersgill et al., 2006; Guelen et al., 2008; Wen et al.,

2009; Peric-Hupkes et al., 2010; Kind et al. 2013). In particular, the repressive histone

modification H3K9me2 was found to overlap substantially with LADs in mammalian cells.

This histone mark may play a functional role in the recruitment of specific chromatin

domains to the lamina. Deletion of the H3K9 methyltransferase G9a disrupted LAD

formation in human cells (Kind et al., 2013). In the nematode C. elegans, knockdown of two

H3K9 methyltransferases leads to release of transgenic and endogenous DNA sequence

from the nuclear lamina (Towbin et al., 2012). In addition, loss of histone deacetylases (Zink

et al., 2004; Zullo et al., 2012) or the DNA-binding factor cKrox (Zullo et al., 2012) can lead

to disruption of lamina-associated chromatin. Thus, the cooperative activity of both DNA-

binding factors and histone modifying enzymes reinforce lamina association (Figure 1).

How do LADs relate to the more general features of chromosomal organization discussed

above? Interestingly, LADs share many common features with TADs. For instance, many of

the boundaries that delimit LADs from the surrounding chromatin have also been identified

as TAD boundaries (Dixon et al., 2012; Nora et al., 2012). This suggests that LADs may

simply reflect TADs or collections of TADs that are tethered to the nuclear periphery.

How stable are chromatin-lamina associations and how do these interactions relate to gene

expression? Recent studies demonstrate that LADs randomly associate with the lamina after

each cell division such that only ~30% of LADs contact the nuclear envelope in a given cell

(Kind et al., 2013). In some cases, LADs that do not end up next to the nuclear lamina

associate with other repressive compartments, such as the nucleolus (Thomson et al., 2004;

Kind et al 2013). When averaged over a population of cells, LADs were mostly conserved

between embryonic stem cells, neural precursors, and differentiated astrocytes (Peric-

Hupkes et al., 2010); however, some changes in lamina-association were observed, and

these correlated with changes in gene expression. For instance, Pcdh9, which is expressed in

the brain, is activated during astrocyte differentiation and concomitantly relocated from the

nuclear lamina to the interior. Conversely, the cell-cycle gene E2f3 shifts from the interior to

the nuclear lamina as neural progenitors differentiated to astrocytes (Peric-Hupkes et al.,

2010). This is consistent with microscopic evidence for movement away from the nuclear

lamina upon activation of specific genes (Kosak, 2002; Kumaran and Spector, 2004;

Williams et al., 2006). Indeed, proximity to the nuclear lamina may be sufficient to suppress

gene expression, as forcing genomic loci to the lamina leads to gene silencing in some

(Dialynas et al., 2010; Finlan et al., 2008; Reddy et al., 2008; Zullo et al., 2012) though not
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all (Kumaran and Spector, 2008) cases. Taken together, these findings support a repressive

role for the nuclear periphery in the regulation of gene expression.

Nuclear Bodies

Nuclear processes are spatially organized in the nucleus in dense collections of functionally-

related factors known as nuclear bodies (for review, see (Dundr and Misteli, 2010; Dundr,

2012))(Figure 1). These include the nucleolus, the most prominent nuclear body that is

dedicated to rRNA transcription and ribosome biogenesis (Pederson, 2011), but also Cajal

bodies, promyelocytic leukemia protein (PML) bodies, nuclear speckles, and Polycomb

bodies. Cajal bodies have been implicated in assembly of spliceosomal snRNPs and are

highly enriched in functional RNA species involved in snRNA modification (Nizami et al.,

2010). The function of PML bodies remains uncertain but may include the regulation of

transcription, DNA replication, and DNA damage (Dundr, 2012; Lallemand-Breitenbach

and de The, 2010). Nuclear speckles are accumulations of snRNPs and other splicing factors

and may function in recycling the pre-mRNA processing apparatus (Spector and Lamond,

2011). Genes silenced by Polycomb repressive complexes interact with each other at high

frequency (Bantignies et al., 2011; Sexton et al., 2012; Tolhuis et al., 2011, Denholtz et al.,

2013). In some cell types, these interacting partners are visible by light microscopy as

prominent foci of Polycomb proteins (Bantignies et al., 2011). These distinct nuclear

subcompartments reflect the complexity in which the constituent parts of the nucleus are

ordered to control genome function.

Transcriptional activity occurs in punctuate regions throughout the nucleus in regions

commonly referred to as “transcription factories” (for review, see (Edelman and Fraser,

2012)). The nucleolus is a prominent example of this organization in the nucleus.

Transcription of the rRNA genes is restricted to the nucleolus, making it, at least in part, a

large transcription factory for RNA polymerase (RNAP) I. Transcription of genes by RNAP

II also occurs in factories, which have been identified through visualizing nascent RNA

(Jackson et al., 1993; Wansink et al., 1993) or components of the transcriptional machinery

(Iborra et al., 1996). It is estimated that each factory contains numerous genes, and ChIA-

PET studies (see Box 1) have demonstrated extensive interactions between co-expressed

gene promoters, (Li et al., 2012, Zhang et al., 2013, Chepelev et al., 2012), which supports

the transcription factory hypothesis. This raises the possibility that transcription factories

provide an opportunity to spatially coordinate the expression of multiple co-regulated genes.

Indeed, interacting genes show some correlation in expression between cell and tissue types

(Li et al., 2012, Chepelev et al., 2012). Tumor necrosis factor alpha (TNFα)-responsive

genes on distinct chromosomes interact with each other more often than with expressed but

non-responsive control genes (Papantonis et al., 2012), and recent studies have provided

evidence that these interactions are functionally important for co-regulated gene expression

(Fanucchi et al., 2013). Moreover, the active hemoglobin genes Hbb and Hba preferentially

associate with other Klf1-regulated genes within the nucleus (Schoenfelder et al., 2010). It is

important to note that the existence of spatially segregated transcription factories dedicated

to coordination of co-regulated genes is far from established and may be more prevalent for

certain transcriptional programs. For instance, a different study found that while human Hbb

and Hba are often found in proximity in differentiating erythroblasts, this is due to
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association with a common nuclear speckle and not sharing of a transcription factory

(Brown et al., 2008). Other 3C studies have not identified preferential colocalization of co-

regulated genes nor extensive interactions between chromosomes (Hakim et al., 2011;

Simonis et al., 2006). The differences between these findings may be explained by distinct

factor- or cell type-specific modes of transcriptional control. However, the precise

relationship between the well-established organization of transcription into factories and its

potential regulatory role in coordinating gene expression programs requires further

investigation.

We have explored how chromatin is folded in high-order domains, how chromosomes and

distinct chromatin types are partitioned in the interphase nucleus, and how nuclear processes

are ordered in distinct nuclear bodies. All of these features contribute to the architecture of

the nucleus, which is molded or modified during transitions in cell state. We now consider

the modification of nuclear architecture during neurogenesis: how it is altered and how these

changes impact the specification, differentiation, and function of neural cell types.

Drosophila Neurogenesis

The fruitfly Drosophila melanogaster is a powerful model to understand neurogenesis. In

the fly, neuroblasts give rise to distinct neuronal subtypes based on spatiotemporal cues; a

single neuroblast will give rise to a predictable series of neurons and glia during

development. This is achieved by restricting the ability of a neuroblast to respond to

specification cues and modifying this “competence” for specification over time.

Recent studies have demonstrated that nuclear position of the gene hunchback (hb) modifies

the competence of the NB7-1 neuroblast (Kohwi et al., 2013). Prolonged expression of hb in

NB7-1 leads to increased numbers of U1/U2 motoneuron subtypes in its neuronal progeny

(Isshiki et al., 2001). However, U1/U2 identity, which the authors determined from the

expression of endogenous hb (which could be distinguished from ectopic hb) can only be

driven in the early-born neurons generated in the first 5 cell divisions of NB7-1.

Remarkably, the competence window for U1/U2 identity precisely correlates with

relocalization of the endogenous hb gene to the nuclear periphery (Figure 2A). Depletion of

nuclear lamins leads to reduced recruitment of the hb gene to the nuclear periphery and

extends NB7-1 competence for U1/U2 specification to later in development. Furthermore,

prolonged expression of the DNA-binding factor Dan can disrupt recruitment of the hb gene

to the nuclear periphery and induce abnormal numbers of U1/U2 motoneurons when hb is

also misexpressed, suggesting loss of Dan in NB7-1 neuroblasts restricts their competence

by allowing recruitment of the hb locus to a repressive nuclear domain near the nuclear

envelope. How localization to the nuclear periphery restricts U1/U2 fate or hb activation

was not determined. Nonetheless, these observations provide intriguing evidence for an

instructive role for gene positioning in neuronal cell fate.

Mammalian cells show similar changes in the nuclear positioning of important genes in

neurons and other related cell types. For example, glial fibrillary acidic protein (GFAP) is

expressed from a single allele in both primary astrocytes and astrocytes differentiated in

vitro. The expressed Gfap allele preferentially colocalizes with nuclear speckles and has a
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more internal nuclear position than the inactive Gfap allele (Takizawa et al., 2008). Mash1

(also known as Ascl1), a basic-helix-loop-helix proneural transcription factor, is induced

during neural differentiation of embryonic stem cells. Mash1 transitions from the nuclear

periphery to a position in the nuclear interior specifically during neural differentiation,

suggesting Mash1 nuclear localization is regulated during this process (Williams et al.,

2006). Taken together, these data suggest that the nuclear location of key genes may be an

important regulatory mechanism during neural differentiation.

Rod Photoreceptor Cells

The nuclei of rod photoreceptor cells, which make up the outer nuclear layer of the retina,

demonstrate an unusual organization of the underlying chromatin. Early microscopic studies

of mouse rod nuclei describe a single, compact, centrally-located focus of heterochromatin

surrounded by a thin halo of euchromatin (Carter-Dawson and LaVail, 1979). This differs

from neighboring cone nuclei and canonical nuclear architecture, where heterochromatin is

observed juxtaposed to the nuclear envelope. Recently, Joffe and colleagues (Solovei et al.,

2009) revisited the structural organization of rod nuclei and its functional ramifications.

They found mature rod nuclei have a tripartite organization: a single chromocenter core in

the nuclear interior, LINE-rich heterochromatin surrounding this core, and euchromatin

enriched for B1 repeats in a thin shell near the nuclear periphery. This architecture appears

gradually over a course of months. At birth, when rod photoreceptor cells are still

proliferative, their nuclei demonstrate canonical organization with roughly 12 distinct foci of

constitutive heterochromatin abutting the nuclear envelope. These foci then gradually fuse

with time to leave 1-2 chromocenters within the nuclear interior by postnatal day 28 (Figure

2B).

Why do mouse rod photoreceptor cells adopt such atypical nuclear organization?

Interestingly, a striking correlation between rod nuclear architecture and mammalian

behavior was found. Retinas from nocturnal mammals demonstrated rod nuclei with large,

centrally located chromocenters, whereas in diurnal mammals, rods displayed the

conventional nuclear architecture. Through computer modeling, the authors predicted that

the “inside-out” nuclear organization observed in nocturnal mammals modifies the refractive

properties of this organelle from predominately light scattering (diurnal mammals) to

resembling that of a converging lens. Light must pass through the outer nuclear layer to

reach the light-sensitive pigments of rods. Thus, modifying nuclear structure in order to limit

distortion of incoming light rays could be adaptive for a life spent foraging or hunting in the

dark.

The molecular basis for nuclear reorganization during rod photoreceptor cell maturation

appears to be mediated by dynamic regulation of nuclear envelope proteins. Both the lamin

B receptor (LBR) and lamin A/C mediate interactions between the nuclear envelope and

heterochromatin, and the inside-out nuclear architecture of rod nuclei is linked to absence of

both LBR and lamin A/C (Solovei et al., 2013). Mouse rod photoreceptor cells are negative

for lamin A/C, but express LBR until roughly 2 weeks after birth. Thus, downregulation of

LBR coincides with transformation of rod nuclear organization. Ectopic expression of LBR,
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but not lamin C, is sufficient to revert rod nuclei to the canonical architecture (Solovei et al.,

2013).

Olfactory Sensory Neurons

The olfactory epithelium (OE) is populated by olfactory sensory neurons (OSN), which

project axons to the olfactory bulb to relay odorant detection within the nose to processing

centers in the brain. Odorants are sensed by a large family of olfactory receptors (ORs)

(Buck and Axel, 1991) that are monogenically and monoallelically expressed in each mature

OSN in a stochastic fashion throughout the mammalian OE (for review, see (Fuss and Ray,

2009; Mombaerts, 2001; Shykind, 2005). The expressed OR determines the identity of each

sensory neuron. OSNs that express the same OR are sensitive to the same odorants and

project axons that converge within the same glomeruli in the olfactory bulb. In this way, an

odor’s representation in the brain is likely generated by a map of glomerular activation

elicited by the combination of ORs stimulated. Thus, singular expression of an OR that is

maintained throughout the life of an OSN is essential for the fidelity of smell.

The regulation of OR transcription represents one of the best-characterized examples of

epigenetic regulation in the nervous system. OR gene promoters share common transcription

factor binding motifs (Clowney et al., 2011), suggesting that their genetic signature is not

sufficient to instruct unique expression in single ORs in subpopulations of olfactory neurons.

This observation, combined with the monoallelic nature of OR expression (Chess et al.,

1994) suggests that the expression of one out of thousands of OR alleles cannot be solely

explained by the existence of different transcription factor combinations in different

olfactory neurons. Indeed, epigenetic silencing via repressive histone modifications typically

found on constitute heterochromatin (H3K9me3 and H4K20me3) appears sufficient for the

monogenic and monoallelic expression of OR genes in the olfactory epithelium (Magklara et

al., 2011). Moreover, LSD1, a histone demethylase that reverses the epigenetic silencing of

OR loci, is necessary for OR gene activation (Lyons et al., 2013). These observations

support the notion of epigenetic regulation of OR expression; however, they do not explain

how only one out of ~2800 OR alleles is chosen, desilenced, and activated.

The answer to this question may lie in the unusual nuclear organization of olfactory receptor

genes (Figure 2C). Despite the existence of nearly 100 chromosomally clustered groups of

OR genes in a diploid mouse nuclei, DNA FISH using a complex probe pool that recognizes

most OR genes identified only ~5 large OR foci in OSNs; this was not observed in other

neuronal cell types nor other developmentally-related cell types in the OE (Clowney et al.,

2012). These OR “aggregates” localize adjacent to a few centrally located regions of

centromeric and telomeric heterochromatin in an organization similar to that of the rod

photoreceptor nuclei of nocturnal mammals (see above). OR clusters located on the same

chromosome formed optically indistinguishable foci, suggesting pronounced spatial

compaction of OR clusters in cis. Moreover, OR clusters from different chromosomes were

frequently found in the same OR aggregate, suggesting heterochromatic OR clusters interact

in trans also. These condensed OR foci colocalized with H3K9me3, H4K20me3, and

heterochromatin protein 1β (HP1β). Interestingly, the activated OR allele was consistently

observed outside of these heterochromatized nuclear regions, instead colocalizing with
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histone acetylation and RNAP II. Moreover, the active OR allele frequently colocalizes with

the enhancer sequence H (Lomvardas et al., 2006), which is essential for expression of only

linked OR genes (Fuss et al., 2007; Serizawa et al., 2003). Hence, reorganization of OSN

nuclei leads to localization of the active and inactive OR alleles into distinct nuclear

compartments with active and repressive chromatin hallmarks, respectively.

As with rod nuclear organization, OSNs regulate their nuclear architecture through

modification of the nuclear envelope. LBR is absent in OSNs when compared to globose

basal cells, which serve as a progenitor pool for OSN differentiation. Strong evidence for a

functional relevance of OR gene aggregation in OSN differentiation comes from

experiments where LBR was ectopically expressed in OSNs. This led to disruption of OR

aggregation, reduced chromatin compaction, and reduced expression of OR genes. We

speculate that reduced OR expression, despite increased accessibility of OR genes, could

result from either disruption of essential interchromosomal interactions in LBR-positive

OSNs or from a transcriptional squelching effect caused by coexpression of many OR genes

in a single OSN. Abnormal axon targeting to olfactory bulb glomeruli, single cell qRT-PCR,

and 4C-qPCR experiments from LBR-expressing neurons provide support for both scenarios

(Clowney et al., 2012). Thus, an intriguing hypothesis is that the aggregation of silent OR

genes near the core of the olfactory nucleus serves two regulatory purposes: It reinforces the

epigenetic silencing imposed by heterochromatic histone marks by packaging OR genes in

nuclear sub-compartments that preclude the access of transcription factors and the

transcriptional machinery; It also assists the robust transcription of a single OR allele by

preventing the dilution of OR-specific transcription factors over the ~40MB of the OR

subgenome and by bringing the chosen OR allele in spatial proximity to activating

regulatory sequences from other OR clusters. In this vein, the notion of cooperative

enhancer function, which was described in the case of Hoxd gene expression in the limb

(Montavon et al., 2011) and likely occurs in the case of protocadherin gene expression

(Monahan et al., 2012), may also be applicable in a system that relies in the singular and

robust OR expression.

Neural Activity and Nuclear Architecture

The examples discussed above highlight changes in nuclear architecture that occur during

neural differentiation. However, modification in gene localization and nuclear organization

has also been observed in response to neuronal activity. In a striking example, cultured

hippocampal neurons undergo remodeling of the nucleus in response to bursts of action

potentials (Wittman et al., 2009). These nuclei develop infoldings, which the authors

propose augment nuclear sensitivity to calcium signaling. Moreover, activity-dependent

activation of brain-derived neurotrophic factor (Bdnf) correlates with changes in the nuclear

positioning of the Bdnf gene. When rats are given kainate-induced seizures, Bdnf

demonstrates reduced localization to the nuclear lamina (Walczak et al., 2013) Interestingly,

while Bdnf upregulation peaks after 2 hours and is negligible by 4 weeks after seizure

induction, Bdnf remains displaced from the nuclear lamina at this late time point, which

could facilitate future activation of Bdnf in response to neuronal activity. In another

interesting example, genes that encode subunits of the cytochrome c oxidase enzyme were

found to colocalize in the nuclei of neurons using 3C (Dhar et al., 2009). These interactions
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were augmented by stimulation of neural activity. Finally, activation of some genes (e.g. c-

Fos) in response to neural activity results in increased colocalization of these genes with

transcription factories (Crepaldi et al., 2013). It is not yet clear how these alterations in

genome organization impact long-term gene expression changes and neural activity.

However, these findings point to nuclear organization as an additional layer of

transcriptional control in activity-induced expressional changes.

Conclusions

The aforementioned studies highlight the intricate 3-dimensional organization of the genome

within the nucleus and support the notion that nuclear architecture has functional

consequences in a variety of processes ranging from cellular differentiation to the diffraction

of light when it passes through the retina. One cannot help but wonder whether other neural

processes may use nuclear architecture as a means to regulate gene expression. Given the

fact that neurons are post-mitotic and live as long as the organism, it is conceivable that

placing genes in transcriptionally active or silent nuclear territories affords stable and long-

lasting regulation of their transcriptional state. Thus, exploring whether long-lasting

transcriptional changes that coincide with maladaptive neuronal states, such as chronic pain

or addiction, are stabilized by nuclear repositioning of relevant genomic loci or widespread

nuclear reorganization would be of great interest. Similar processes may also be involved in

physiological, long-lasting transcriptional changes, such as those that occur in the

hippocampus during memory formation and storage. Beyond these “experiential” changes

that may occur in the nuclear architecture of differentiated neurons, it is appealing to

hypothesize that the nuclear reorganization that takes place during olfactory neuron

differentiation also occurs during the development of other neuronal types. As the striking

example of stochastic expression of clustered protocadherin genes demonstrates (Chen et al.,

2012; Esumi et al., 2005; Lefebvre et al., 2012), like neurons that receive similar

spatiotemporal cues and have common progenitors can have distinct transcription programs.

Therefore, employing nuclear architecture as a regulatory mechanism allows neurons with

identical transcription factor ensembles to activate and repress different genes based on their

relative nuclear location. In other words, nuclear architecture and differential gene

positioning could be exploited by the brain for the generation of stochastic gene choices that

contribute to the astounding cellular diversity of the nervous system.
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Box 1

Chromosome Confirmation Capture (3C)

Chromosome confirmation capture is a powerful approach for the detection of

interactions between genomic regions. The concept behind 3C is straightforward.

Interactions between regions of chromatin are captured by formaldehyde fixation (step

1). The DNA is then digested with a restriction enzyme (step 2) and ligated in conditions

that favor intramolecular ligation (step 3). Ligation will generate novel DNA sequences

derived from the ligation of compatible restriction ends that are distally located in the

linear DNA sequence but in close proximity in the cell nucleus. These ligation products

can then be detected by PCR or deep sequencing. In this way, 3C may be used to

investigate a single interaction between two genomic regions. This procedure can also be

adapted to investigate the genome-wide interactions of a single “bait” locus (called 4C), a

fixed number of potential interactions within a large (> 4 Mb) but limited genomic region

(5C), or all possible interactions (Hi-C). Furthermore, interactions involving a specific

histone mark or transcription factor can be identified by performing immunoprecipitation

prior to 3C digestion and ligation. This method, Chromatin Interaction Analysis by

Paired-End Tag Sequencing (ChIA-PET), enriches for those interactions that involve

chromatin bearing the histone modification or transcription factor of interest.

DNA adenine methyltransferase identification (DamID)

DamID uses the exogenous expression of the bacterial methyltransferase dam to

molecularly label DNA with adenine methylation. The methylated DNA can then be

selectively amplified using methylation-sensitive restriction enzyme digestion and PCR

amplification or by immunoprecipitating using a methylation-specific antibody. By

fusing Dam to a protein of interest, one can identify genomic regions where this protein

binds. This makes it possible to study the genomic occupancy of factors for which

standard chromatin immunoprecipitation is not available due to lack of quality

antibodies. However, because in many cases the Dam fusion protein is continuously

expressed and the methylation mark is stable, DamID provides a cumulative read-out of

occupancy rather than a snapshot.
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Highlights

- The nucleus is non-randomly organized into compartments and domains that

impact genome function.

- Regulation of nuclear architecture accompanies neurogenesis and neuronal

activity.

- Nuclear architecture could be a broad epigenetic regulator of neural cell

diversity and function.
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Figure 1.
Organization of chromatin in topological and lamina-associated domains. A. Cartoon model for the higher-order organization of

chromatin. A mammalian nucleus shows chromosomes (dark grey lines) confined to distinct territories. rRNA genes are

confined within the nucleolus. Cajal bodies are shown juxtaposed to the nucleolus. Nuclear speckles and transcription factories

reflect high concentrations of the splicing and transcriptional machinery, respectively. These structures are depleted in nuclear

compartments associated with repressed heterochromatin: the nuclear lamina and chromatin associated with the nucleolus. On

right, a magnified view of the boxed region shows two topological associated domains (TADs), colored red and green, separated

by CTCF-bound boundary regions. Within each TAD are numerous chromosomal interactions; however, few interactions cross

boundaries between TADs. On bottom right, further magnification of a transcription factory with a TAD demonstrates close

associations between distal regulatory regions and expressed genes. Moreover, numerous expressed genes colocalize in this

space and share similar sets of transcription factors (green and orange circles). Silent genes found in between these active genes

in linear sequence loop away from the transcription factory and occupy a distinct region. On bottom left, a repressed chromatin

domain is associated with the nuclear lamina, known as a lamina-associated domain (LADs). LADs have hallmarks that include

high levels of repressive H3K9 methylation. Interactions between inner nuclear membrane proteins, such as emerin and Lap2β,

with HDACs and cKrox are also essential for LAD establishment.
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Figure 2.
Nuclear architecture in neurogenesis. A. During Drosophila neurogenesis, relocation of the hunchback (hb) gene marks the end

of a competence window where neuroblast NB7-1 can be induced to generate U1/U2 motoneurons by ectopic hb expression.

Prior to its first five cell divisions, NB7-1 generates U1-U5 motoneurons sequentially, but ectopic expression of hb can led to

additional neurons with U1/U2 identity. After five cell divisions, the hb gene transitions from the nuclear interior to associate

with the nuclear lamina, where it is stably silenced and can not promote U1/U2 identity. NB7-1 gives rise to interneurons after

hb is recruited to the nuclear lamina. B. At birth, the nuclei of rod photoreceptor cells in nocturnal animals demonstrate

conventional organization with chromocenters (dark blue regions) at the nuclear periphery and expression of Lamin B receptor

(LBR, green outline). As these cells mature, LBR is downregulated and the chromocenters gradually fuse to leave a single

centrally-located chromocenter in the nuclear interior. C. In undifferentiated basal cells, olfactory receptor (OR) genes are

dispersed through the nucleus and expression of LBR is robust. In mature olfactory sensory neurons (OSNs), OR genes

aggregate near a centrally located chromocenter as LBR expression is lost. Boxes highlight the local chromatin of active and

repressed OR alleles. The active OR allele loops out into a nuclear domain of active chromatin and is marked by H3K4me3
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(green circles), histone acetylation (purple circles), and transcribing RNA polymerase. The repressed OR genes are enriched for

H3K9me3 (red circles) and heterochromatin protein 1β (purple ovals).
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Box Figure.
Approaches for Studying Nuclear Architecture. 3C and DamID have been widely used to understand chromatin organization and

its localization to specific nuclear compartments. Important steps in the workflow of 3C and DamID are shown on the left and

right, respectively.
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