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Abstract

Epigenetic mechanisms that are highly responsive to interoceptive and environmental stimuli
mediate the proper execution of complex genomic programs such as cell type-specific gene
transcription and post-transcriptional RNA processing and are increasingly thought to be
important for modulating the development, homeostasis, and plasticity of the central nervous
system (CNS). These epigenetic processes include DNA methylation, histone modifications, and
chromatin remodeling, all of which play roles in neural cellular diversity, connectivity, and
plasticity. Further, large-scale transcriptomic analyses have revealed that the eukaryotic genome is
pervasively transcribed, forming interleaved protein-coding RNAs and regulatory non-protein-
coding RNAs (ncRNAs), which act through a broad array of molecular mechanisms. Most of these
ncRNAs are transcribed in a cell type- and developmental stage-specific manner in the CNS. A
broad array of post-transcriptional processes, such as RNA editing and transport, can modulate the
functions of both protein-coding RNAs and ncRNAs. Additional studies implicate nuclear
organization and dynamics in mediating epigenetic regulation. The compartmentalization of DNA
sequences and other molecular machinery into functional nuclear domains, such as transcription
factories, Cajal bodies, promyelocytic leukemia nuclear bodies, nuclear speckles, and
paraspeckles, some of which are found prominently in neural cells, is associated with regulation of
transcriptional activity and post-transcriptional RNA processing. These observations suggest that
genomic architecture and RNA biology in the CNS are much more complex and nuanced than
previously appreciated. Increasing evidence now suggests that most, if not all, human CNS
diseases are associated with either primary or secondary perturbations in one or more aspects of
the epigenome. In this review, we provide an update of our emerging understanding of genomic
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architecture, RNA biology, and nuclear organization and highlight the interconnected roles that
deregulation of these factors may play in diverse CNS disorders.
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Introduction

Many studies have focused on characterizing the roles played by classical epigenetic
mechanisms—DNA methylation, histone post-translational modifications, nucleosome
remodeling and higher-order chromatin regulation—in mediating normal and pathological
processes through the modulation of genomic function [1-6]. In the central nervous system
(CNS), these mechanisms are responsible for regulating developmental, cell type-specific,
and activity-dependent changes in gene expression and function, in large part because they
are highly responsive to interoceptive and environmental stimuli [1]. These classical
epigenetic processes are, thus, critical for promoting neural cellular diversity and neural
network connectivity and plasticity. Not surprisingly, perturbations in these critical aspects
of the epigenome are increasingly being linked to the molecular pathophysiology of a broad
array of CNS diseases [1].

The epigenome broadly defined, however, refers to the sum total of cellular mechanisms that
are responsible for mediating the proper execution of genomic programs. These mechanisms
include gene transcription, post-transcriptional RNA processing and translation, as well as
higher-order processes, such as DNA replication, repair and recombination; X chromosome
inactivation, genomic imprinting, and gene dosage effects; and centromere and telomere
maintenance and the protection of genomic integrity [1-9]. Further studies enabled by the
advancement of next-generation sequencing technologies and high resolution imaging
techniques have, therefore, focused on describing the roles played by additional interrelated
epigenetic regulatory mechanisms, such as non-coding RNA (ncRNA)-driven processes and
nuclear organization and dynamics, in mediating this diverse array of genomic programs
[1,10-15]. These have lead to important scientific discoveries that have revolutionized our
understanding of genomic structure, function, regulation, and evolution.

Indeed, the eukaryotic genome is pervasively transcribed from modular transcriptional units
that are responsible for generating multiple interleaved and overlapping protein-coding
transcripts and ncRNASs in both sense and antisense orientations [16—-18]. There are an
increasing number of distinct ncRNAs classes that have been described, including both short
and long ncRNAs, which serve as flexible, high-fidelity information-encoding and
functional molecules with a spectrum of structural, regulatory, and catalytic roles [19]. In
fact, a broad array of molecular and cellular processes is transacted by ncRNAs, through
dynamic interactions with DNA, protein-coding RNAs and other ncRNAs, and proteins
[10]. These functions are facilitated by the unique features of RNA molecules, which
include their relatively low bioenergetic cost to the cell; their conduciveness to post-
transcriptional processing (e.g., alternative polyadenylation, capping, alternative splicing,
and editing), translational control, and intracellular and intercellular transport; and their
ability to engage in conformational (analog) and sequence-specific (digital) interactions that
are exquisitely sensitive to interoceptive and environmental stimuli [20,21].
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An increasing number of studies have begun to focus on characterizing the dynamic
interplay that occurs between nuclear organization and genomic processes in diverse cellular
contexts [1,10-15]. These studies suggest that the nucleus itself plays a vital role in the
execution of genomic programs, such as gene transcription and silencing, in response to
developmental, homeostatic, stress and other signals. Indeed, nuclear architecture promotes
the temporal and spatial segregation and association of myriad DNA sequences, RNAs,
proteins, and other factors through the localization of specific genomic sequences and the
establishment of functional nuclear domains, such as transcription factories, Cajal bodies
(CBs), promyelocytic leukemia nuclear bodies (PML-NBS), nuclear speckles, and
paraspeckles. These organizational features are, to some degree, responsible for mediating
nuclear and cytoplasmic processes including DNA replication, DNA repair, transcription,
post-transcriptional RNA processing, and RNA nuclear-cytoplasmic transport [1,10-15].

Considering these observations, it is not surprising that perturbations in these aspects of the
epigenome are also being recognized as the primary mechanisms responsible for causing a
number of CNS diseases or as secondary effects resulting from primary pathological
processes. Therefore, in this review, we provide an overview of our emerging understanding
of genomic architecture, ncRNA biology, and nuclear organization, highlighting the roles
these factors play in the CNS. Moreover, we call attention to diverse CNS disorders whose
pathobiology may partly be related to aberrations in nuclear organization and dynamics,
aspects of the epigenome that are the least well understood, including laminopathies,
cohesinopathies, and various neurodegenerative diseases [22—35].

Genomic architecture

Large-scale genomic analyses, such as the ENCODE project [18] and FANTOM
consortiums [16,17], have provided incontrovertible evidence that our views of genomic
structure, function, regulation, and even evolution need to be refined. Canonical definitions
of genes and traditional views of gene regulation are now being replaced with an
increasingly sophisticated view of the distribution and molecular function of transcriptional
and regulatory genomic elements [36]. The eukaryotic genome is pervasively transcribed
into RNAs, including both protein-coding RNAs and ncRNAs, and these are not organized
in a linear fashion. Rather, the genome is surprisingly modular with each base pair having
the potential to serve as a multifunctional transcriptional unit. Multiple overlapping,
bidirectional, and often independently regulated and processed sense and antisense
transcripts can be transcribed from these transcriptional units [16-18]. In addition, some
precursor transcripts are subject to post-transcriptional processing and cleavage events that
may lead to the generation of many distinct protein-coding RNAs and ncRNAs. The
identification of mechanisms that give rise to chimeric transcripts has also blurred lines,
which have conventionally demarcated individual genes [37]. For example, trans-splicing
events may occur in between different transcripts, and gene fusion may lead to the joining of
separate genes through transcription or other processes.

These observations imply that a complex network of regulatory controls modulates genomic
function and, further, that these processes are highly cell- and tissue-specific. A broad array
of molecular factors is responsible for modulating transcription and post-transcriptional
processing, including those that act in cis (e.g., DNA elements and ncRNAS) and in trans
(e.g., proteins and ncRNAS). Transcription and post-transcriptional processing are
coordinated by complementary epigenetic mechanisms including but not limited to DNA
methylation, histone modifications and higher-order chromatin regulation, ncRNAs as well
as nuclear organization and dynamics [1-15].
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A variety of DNA elements participate in short- and long-range interconnected
transcriptional regulation. These include promoters, enhancers, repressors/silencers,
insulators, complex locus control regions (LCRs), and imprinting control regions (ICRs)
[38-43]. These elements may be located upstream, downstream, or within the introns and
exons of genes they modulate. Genome-wide characterization of promoter regions has
revealed that most genes have multiple promoters with a number of possible transcription
start sites. In ENCODE regions, for example, 81.5% of the genes tested had additional
transcription start sites that were either 5' distal or internal to the annotated gene boundary
[39]. Many promoters initiate transcription in both directions; some bidirectional gene pairs
exhibit co-expression while others show more divergent expression profiles. Like promoters,
enhancer and repressor/silencer elements also regulate genes by recruiting factors that bind
to DNA in a sequence-specific manner or indirectly through protein-protein interactions
leading to activation or repression of transcription. These elements function by promoting
the looping of DNA, modifying chromatin structure and interacting with components of the
transcriptional machinery. Enhancers usually operate in cis to their gene targets and are
typically clustered 100 kb upstream, downstream or even within a gene; however, regulation
in trans has also been observed for paired sister chromosomes [40]. Through transvection,
enhancers associated with one allele may activate the promoter of a second allele that is
located on a homologous chromosome. Insulators are DNA elements that limit the effects of
promiscuous regulatory elements, and they are often located in between the promoter region
and enhancer or silencer elements of adjacent genes and gene clusters [44]. LCRs have been
found in association with various complex gene loci (i.e., the Hbb gene cluster) and play a
role in controlling the expression of genes at these loci in a developmentally regulated and
cell type-specific manner through long-range allelic and non-allelic interactions between
chromosomes [41]. Similarly, ICRs control the epigenetic silencing of imprinted genes
through CCCTC-binding factor (CTCF)- and/or ncRNA-dependent mechanisms that include
DNA methylation and histone modifications. ICRs have also been shown to control non-
allelic imprinting at the 1gf2/H19 and the Wsb1/Nf1 gene loci. CTCF, a chromatin insulator,
plays a critical role in arbitrating long-range chromatin interactions, directing DNA regions
into transcription factories (see below) and facilitating interactions with other genomic
regions [42,43]. CTCF is involved in various aspects of epigenetic regulation, such as
genomic imprinting, X-chromosome inactivation, ncRNA transcription, and establishment
of local chromatin structure at repetitive elements [42,43].

Chromatin is not simply a passive structure that packages DNA within the nucleus, but
rather it serves key functions in nuclear processes such as the regulation of gene expression.
Nuclear structural and functional dynamics are shaped by nucleosome remodeling,
modification of histone tails, and replacement of canonical histones with histone variants [4—
8,13,45-47]. The loosely packaged euchromatin is readily accessible to the transcriptional
machinery, while the more densely packaged heterochromatin is less transcriptionally
active. Heterochromatin has a reduced recombination frequency, is often localization to the
nuclear periphery, and replicates late in the cell cycle. Heterochromatic domains contain
transposable elements and other repetitive sequences, are associated with centromeres and
telomeres, and are linked to particular histone modifications. These domains play an
important role in the organization of chromosomes in the nucleus. Formation of facultative
heterochromatin is often localized to promoter regions and may be developmentally or
environmentally regulated. The establishment of these chromatin domains is important for
epigenetic gene silencing in a cell type- or tissue specific- manner. Furthermore,
heterochromatin domain formation is an important mechanism for developmental
programming and cell fate decisions. For example, progressive nuclear and epigenetic
remodeling of the MHC-Oct3/4 gene locus marks the developmental phases of embryonic
stem (ES) cell differentiation [48]. Cellular stress mechanisms, such as senescence, may also
promote the formation of specific chromatin states.
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Histone- and chromatin-modifying enzymes and associated macromolecular complexes play
a key role in epigenetic regulation of transcription. Studies of the corepressor complexes
recruited by repressor element 1 silencing transcription factor (REST) and CoREST have
helped to characterize some of these enzymes complexes and their functions in neural cells
[11,49,50]. REST binds and recruits various corepressor complexes that may cause either
short-term transcriptional repression or long-term gene silencing. Recruitment of REST and
CoREST complexes is cell type- and developmental stage-specific and is an important
mechanism for integrating a diverse array of maturational cues and for programming of
neural cell fate.

Recent studies on the factors driving the evolution of the human genome and the sources
promoting inter- and intra-individual genetic variation suggest that our understanding of
these processes also needs to be refined [51,52]. For example, a significant percentage of the
human genome is comprised of mobile genetic elements, including various subclasses of
short interspersed nuclear elements (SINEs) and long interspersed nuclear element elements
(LINEs) [52]. Some of these subclasses continue to generate new retrotransposon insertions
both in the germ line and in somatic cells, thus influencing chromosomal integrity, gene
expression and, no doubt, disease. Interestingly, LINE-1 (L1) elements comprise
approximately 17% of the human genome and seem to be active in neuronal cells where they
may contribute to neuronal cellular diversity and activity-dependent plasticity [53-55]. The
mechanisms responsible for regulating mobile genetic element activity include DNA editing
enzymes (see below), DNA methylation status, and ncRNAs. Small ncRNAs, such as
piwiRNAs (piRNAs) and short interfering RNAs (siRNAs), target retrotransposons and are
thought to constrain the propagation of these elements within the germ line [56]. It is less
well known what specific restrictions against retrotransposon activity are at work in somatic
cells [57] such as neurons, though it is intriguing to hypothesize that these ncCRNAS have
roles in mediating CNS development, homeostasis, and plasticity, in part, through their
effects on retroelements.

RNA biology
Non-coding RNAs

The eukaryotic genome is transcribed into a broad array of ncRNAs. These include
subclasses that are well characterized (e.g., ribosomal RNAs (rRNAs) and transfer RNAs
(tRNAs)) as well as many whose functions are still emerging (e.g., microRNAs (miRNAS),
long ncRNASs (IncRNAs), siRNAs, piRNAs, small nucleolar RNAs (snoRNAS), promoter-
associated small RNAs (PASRs) and transcription initiation RNAs (tiRNAs)) [19]. These
novel subclasses of ncRNAs participate in complex, multilayered epigenetic regulatory
processes.

MiRNAs are the most well characterized ncRNA subclass. They are approximately 22
nucleotide transcripts that modulate the expression of target mRNA transcripts through
sequence-specific interactions predominantly with 3’ untranslated regions (3’UTRs) of these
mRNAs [58]. A single miRNA can target hundreds of mMRNAS, repressing their translation
and sequestering them for storage or degradation. These factors are expressed in a cell type-
and maturational stage-specific manner, where they are implicated in highly
environmentally responsive regulation of gene expression programs. In the CNS, miRNAs
have diverse roles in promoting neural development, homeostasis, and plasticity [58].

LncRNAs are another emerging ncRNA subclass defined as ncRNA transcripts longer than
200 nucleotides. These factors have a number of functions including regulating transcription
by recruiting transcription factors and histone-modifying enzymes to gene regulatory
elements and modulating chromatin structure by recruiting chromatin-remodeling factors
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(e.g., Polycomb repressor complex 2 (PRC2) and CoREST) to specific genomic sites
[59,60]. While these mechanisms underlying ncRNA-mediated local and long-distance
epigenetic regulation are currently the focus of intense scrutiny, an integrated understanding
of these complex mechanisms has not yet emerged. However, like miRNAs, most IncRNAs
seem to be expressed in a cell type- and developmental stage-specific manner, particularly
within in the CNS, [1,61-66]. The biological roles played by INcRNAs have not been fully
characterized, though IncRNAs unequivocally participate in regulating cell fate decisions in
the CNS and in other tissues. For example, many IncRNAs are differentially expressed in
the developing and adult mouse brain and during oligodendrocyte (OL) lineage
specification, maturation and myelination. These INcCRNAs are implicated in modulating the
expression and function of protein-coding RNAs, which are themselves differentially
regulated and associated with important roles in brain development and adult function [66].
Furthermore, INcRNAs are integrated within the transcriptional networks underlying
pluripotency, and the over expression or knock down of specific IncRNAs modulate ES cell
lineage potential through effects on mMRNA levels of the Oct4 and Nanog pluripotency-
associated transcription factors [67,68]. These diverse ncRNA subclasses can, in turn, be
further modulated though additional post-transcriptional processing, such as RNA editing
and transport.

RNA and DNA editing are closely linked mechanisms that significantly diversify the
transcriptome and allow for the environmentally responsive recoding of RNA and DNA
[21]. For example, editing of adenosine to inosine (A to I) is catalyzed by adenosine
deaminases that act on RNA (ADARSs), and editing of (deoxy)cytidine to (deoxy)uridine
([d]C to [d]U) is catalyzed by the apolipoprotein B (ApoB) editing catalytic subunit
(APOBEC) family of cytidine deaminases that act on RNA and DNA. The expression of
these families of enzymes is spatiotemporally regulated in the brain [65]. Recent analyses
have shown that RNA editing occurs not only in mRNASs associated with synaptic function,
as was initially believed, but also in many ncRNAs, including miRNAs [69].

Interestingly, the amount of RNA editing in humans is significantly greater than in non-
human primates. This RNA editing takes place largely in transcripts derived from Alu
sequences, the most abundant SINE retroelements in the human genome. Editable human-
specific Alu sequences are significantly enriched in genes related to neuronal functions and
neurological diseases [70]. Members of the APOBECS3 protein family are found in human
neuronal cells and are also implicated in the regulation of retroelements [71,72], further
suggesting a link between retroelements, RNA and DNA editing, and CNS function in
humans. These observations are consistent with findings of deregulated ADAR and
APOBEC activities in a spectrum of neurodevelopmental, neurodegenerative, and
neuropsychiatric diseases as well as brain cancers [65].

Intracellular transport of RNAs

Trafficking of proteins and RNAs is essential for cellular function, particularly in the
nervous system. RNAS are packaged into ribonucleoprotein particles (RNPs) and transported
along the neuronal cytoskeleton from the nucleus to distal sites where local protein synthesis
is activated by synaptic activity and neurotransmitter signaling [73]. Activity-dependent
dendritic protein synthesis results in modulation of neuronal and synaptic structure and
function and is implicated in a variety of processes including, but not limited to, regulation
of the cytoskeleton, receptor trafficking, modulation of the extracellular matrix, and stable
forms of long-term potentiation (LTP) and long-term depression (LTD). For example, the
immediate early gene Arc (Arg3.1) is translated synaptically in the dentate gyrus and is
implicated in LTP consolidation [74]. On the other hand, this activity-dependent modulation
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of gene expression through sequestration, repression and activation of various RNASs can
also take place through bidirectional axodendritic transport: from nucleus to dendrite as well
as from dendrite to nucleus. During trafficking, mRNAs within the RNP are bound to
sequence-specific RNA-binding proteins (RBPs) and miRNAs that repress translation. At
the dendrite, synaptic activity and neurotransmitter signaling locally de-repress translation.

Cytoplasmic mRNAs are packaged into discrete RNP-containing RNA granules during
intracellular transport. RNA granules orchestrate site-specific gene expression by
modulating the deployment of specific ncRNAs and the translation of certain proteins.
Subsequently, the byproducts of mMRNA metabolism can self-assemble into dynamic,
functional RNA-containing cytoplasmic structures, such as stress granules (SGs) and
processing bodies (PBs). These structures may share substrate MRNAs, ncRNAs, proteins
and other components but they also contain unique factors and perform different functions
[75-77]. SG and PB assembly involves factors related to splicing, transcription, adhesion,
signaling and development. Recent evidence demonstrates that mRNAS silenced by
miRNAs are localized to PBs for storage or degradation. Moreover, RNP remodeling
induced by the RNA-induced silencing complex (RISC) or RNA helicase activity may lead
to alterations of the 5' translation initiation complex of mMRNAs within PBs. PBs may also
facilitate access of the de-capping complex promoting degradation of some mMRNAs while
other mRNAs stored in PBs can be released for translation. These cytoplasmic RNA-
containing structures control mMRNA turnover and translational repression and also
participate in trafficking RNAs to axons and dendrites. The RNAs participate in regulating
growth cone dynamics and axonal pathfinding and remodeling, as well as activity-dependent
synaptic plasticity and homeostasis.

Transcription and translation are not directly coupled. Post-transcriptional processing and
transport of RNA serve as opportunities for temporal and spatial regulation of gene
expression through specialized “RNA operons” and “RNA regulons”. RNA operons refer to
complexes of functionally related RNAs and trans-acting factors including RBPs, other
RNA interactors such as argonaute proteins, ncRNAs and related factors. These associate
together, thereby acting as hubs for co-regulation of RNAs within RNP modules subserving
splicing, nuclear export, stability, localization and translation [78]. Furthermore, RNA
regulons represent epigenetic mechanisms that coordinate higher-order dynamics of groups
of RNAs and RNA operons in a combinatorial fashion modulating their molecular
composition and contributing to complex and emergent functional properties [79].

Intercellular transport of RNAs

In plants, long distance systemic transport pathways for specific RNAs, including mRNAs
and miRNAs, play a key role in processes including virus defense, gene silencing, regulation
of development, and nutrient allocation. Emerging evidence in eukaryotes also suggests that
both mRNAs and ncRNAs can participate in local and more distant intercellular transfer
where they may act as dynamic regulatory and signaling molecules [80]. For example,
studies of exogenous siRNA introduction into C. elegans result in systemic distribution and
subsequent systemic gene expression knockdown. These experiments have implicated Sid1,
a transmembrane protein that serves as receptor for dSRNA, as a vehicle for passive
transport of sSiRNAs into cells and as a key mechanism for systemic RNA interference [81].

Another mechanism of intercellular RNA transport is through exosomes. These RNA-
containing microvesicles are secreted by cells such as B cells and macrophages and
participate in antigen delivery and presentation [82]. They are also secreted by neurons [83].
Secretory exosomes contain a variety of mMRNAs and ncRNAs and express cell recognition
molecules on their surface for selective targeting and uptake into recipient cells. In the CNS,
activity-dependent changes in exosome processing may regulate neural network connectivity
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by differential activation and processing of mMRNAs and regulatory ncRNAs supplementing
the known mechanisms of anterograde and retrograde signaling across synapses [84]. In
fact, some authors have suggested that exosomes bud from the postsynaptic membrane when
stimulated transferring post-synaptic RNAs and newly synthesized proteins back to the
presynaptic terminal, thereby contributing to retrograde signaling-mediated synaptic
plasticity. Further, in CNS disease states such as glioblastoma multiforme, a particularly
virulent form of primary brain cancer, tumor cells can deliver mMRNAs, miRNAs and
proteins to normal cells via secretory exosomes, and these may play roles in supporting and/
or propagating the tumor [85,86].

Informational content of RNA molecules

Understanding RNA-based networks and their mechanism of action requires an appreciation
for the inherent properties of RNA molecules. Specifically, the ability of RNA to store,
transform and transmit both “digital” and “analog” information is a key feature of RNA-
based systems [20]. Watson and Crick base pairing represents digital information whereby
canonical nucleotide hybridization rules are determined by the most energetically favored
conformations of these molecules. The digital information encoded by an mRNA is not used
completely in polypeptides derived from the mRNA because of codon degeneracy. Analog
information is, however, captured by more continuous secondary and tertiary RNA
structures that are determined by ionic charges and hydrophobic properties [87]. This
structural analog information may also be modified based on the specific thermodynamic
conditions within the cellular microenvironment, such as temperature and ion concentrations
and gradients, resulting in flexible structure and charge characteristics of RNA molecules.

Dynamic interactions between RNA, DNA and protein networks are necessary to carry out
normal cellular activities, and this digital and analog information carrying capacity allows
RNA to assimilate with both the digital language of DNA and the analog world of protein
structure. Because of these attributes, RNA is able to serve as both a high fidelity
informational molecule as well as a functional complex that can sense changes in the
cellular environment and adapt its structure and function accordingly. In addition, RNA
allows efficient coupling of cellular energy requirements with information storage and
processing compared with DNA or protein because it is information dense and can be
rapidly activated, modified, transported and degraded. Significant differences in profiles of
evolutionary conservation, particularly when comparing ncRNA primary sequence
organization and higher order structural features, suggest that RNA contains sophisticated
forms of embedded genomic information that contribute to enhancing molecular diversity
and functional versatility within the mammalian nervous system [88]. Moreover, RNA
conformational plasticity and highly interactive and constantly evolving RNA regulatory
circuitry may have been instrumental in allowing these nucleic acids to participate in
accelerated evolution because they are not constrained by the intricate and interdependent
intracellular signaling networks associated with protein species. This may represent a more
general mechanism by which RNA signaling networks have established their preeminence in
mediating the explosive innovations in brain form and function that have occurred during
higher eukaryotic evolution.

RNA as a biosensor

The detection of catalytic RNAS, or ribozymes, in the 1980s and the recent identification of
many other classes of biologically relevant RNAs have spurred interest in further
characterizing the plethora of functions mediated by these RNAs. Many studies suggest that
one of these tasks is to sense and regulate cellular metabolism in concert with protein-based
networks [89-95]. Numerous metabolic enzymes have been shown to bind RNA directly or
associate indirectly with RNA in complexes. Most of these enzymes are conserved

Ann N Y Acad Sci. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Qureshi and Mehler

Page 9

throughout evolution, distributed widely, and participate in indispensable cellular pathways.
These complexes seem to behave as sensors for particular cellular conditions and through
various mechanisms regulate metabolic activity. For example, the metabolic enzyme
aconitase is also an iron-responsive RNA-binding regulatory element (IRE-BP) that binds to
RNAs containing iron-responsive elements (IREs) [96]. RNAs with IREs can sense when
intracellular iron concentrations are above a certain threshold through conformational
changes and form RNA-protein complexes that are not metabolically active. When cells are
iron depleted, the RNA-protein complex dissociates, and the protein functions as an active
aconitase. Interestingly, these pathways are associated with protection from neural oxidative
damage and, when disrupted, with neurodegeneration [96,97].

Stereoisomers

The genome also contains sequence elements that have the potential to form left-handed Z-
DNA structures that have been observed specifically in regions of active transcription where
they may provide relief of torsional strain, modulate chromatin structure, and bind RNA
editing enzymes [98]. Further, these may be relevant in the pathophysiology of neurological
disorders, such as Alzheimer disease [30]. Although active transcription is not required for
the formation of Z-DNA, it has been associated with expansion of Z-DNA regions and
serves as an important mechanism for modulating gene expression and chromatin structure.
For example, activation of colony-stimulating factor 1 (CSF1) by BRG1, a chromatin-
remodeling enzyme, results in Z-DNA formation within its promoter and disruption of
nucleosomal structure, and both BRG1 and Z-DNA formation are necessary for this
chromatin remodeling process [99]. In addition, Z-RNA formed during transcription can
also preferentially bind to RNA editing enzymes, such as ADAR1, which can then modify
the new RNA transcript [100].

Nuclear organization and dynamics

Nuclear organization and dynamics refer to the shifting spatial arrangements of
chromosomes, chromatin, and specific gene loci within the nucleus; the formation and
movement of functional nuclear domains; and the interplay that occurs between these factors
during the execution of genomic programs (e.g., gene transcription and post-transcriptional
processing) [1,10-15]. The genome can undergo controlled local and long-range
movements, more global reorganization, as well as other shifts (e.g., chromatin states) that
have functional consequences for nuclear processes. Further, the nucleus contains a number
of specialized sub-organelles comprised of particular proteins and RNA species, including
some whose roles have been characterized and others that are less well understood. These
heterogeneous nuclear domains can dynamically assemble and disassemble, associate with
specific genomic loci, interact with chromatin, move, and undergo other changes. These
three-dimensional features of nuclear structure and function do not arise randomly. Rather,
they are associated with particular physiological cues and cellular processes, such as cell-
cycle progression and differentiation. Although the regulation and function of many nuclear
features has not yet been elucidated, recent advances have highlighted the interconnected
nature of nuclear organization and dynamics with epigenetic regulation.

General structure of the nucleus

The genome and nucleoplasm are surrounded by the nuclear envelope and associated
nuclear pore complexes and the nuclear lamina. These structures are not only mechanical
components of the nucleus but they also play key functional roles, including modulating
chromatin organization, gene expression and epigenetic regulation and various signaling
pathways. The nuclear envelope is a double-layered membrane that separates the
cytoplasmic and nuclear compartments [101]. It is contiguous with the endoplasmic
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reticulum, though it is characterized by enrichment of specific proteins within its inner and
outer membranes. The nuclear and cytoplasmic compartments communicate through several
openings in the nuclear envelope called nuclear pores, which are formed by the nucleoporin
family of proteins [102]. Nuclear pore complexes form channels that promote the
bidirectional exchange of proteins, RNAs, and RNPs. The nuclear envelope rests on the
nuclear lamina [35,103]. It is a meshwork of intermediate filament proteins found within the
inner nuclear membrane that is comprised of lamins and lamin-associated proteins. These
factors are responsible for reinforcing the nucleoskeleton, interlinking the nucleoskeleton
and cytoskeleton, anchoring nuclear pore complexes, and tethering chromatin to the nuclear
envelope as well as for organizing chromatin and regulating signaling and transcription. The
integrity of the nuclear lamina is critical for most nuclear activities and leads to a broad
range of disorders when compromised (see below).

Spatial arrangement of chromosomes and genes within the nucleus

Chromosome territories represent a basic feature of nuclear architecture [104].
Transcription, transcriptional regulation, and other activities at specific genomic loci
correlate with chromosomal positioning in the nucleus. For example, a recent study
constructed spatial proximity maps of the human genome employing Hi-C, a technique that
couples proximity-based ligation with massively parallel sequencing. These observations
suggested the presence of two distinct genomic compartments [105]. One compartment was
largely comprised of transcriptionally active, gene-rich chromosomal regions with open
chromatin domains, whereas the other compartment was gene-poor with closed chromatin
domains. This study further implied that molecular interactions are more likely to occur
between chromosomal regions within each compartment.

Complementary studies have shown that the specific localization of genes in distinct nuclear
regions has the potential to promote their transcriptional activation or repression [106,107].
For example, radial nuclear compartmentalization appears to play a key role in gene
expression, with transcriptional activity being more prevalent in the interior of the nucleus
and transcriptional repression being more common in the periphery. Peripheral localization
is also associated with the suppression of transcription in heterochromatic regions, such as
centromeres and telomeres, which may be tethered to the nuclear envelope. Moreover,
repositioning of a gene from the periphery to the interior and vice versa can be associated
with gene activation and repression, respectively.

For example, Mash1 is a neural gene, which is highly expressed during neural lineage
commitment of ES cells, and Mash1 expression is accompanied by repositioning of the gene
locus within the nucleus. The Mash1 locus is preferentially located at the nuclear periphery
in ES cells, where it is associated with repressive histone modifications. With neural lineage
commitment, the locus specifically migrates towards the interior of the nucleus, where it is
associated with increased levels of H3K9 acetylation and lower levels of H3K27
trimethylation concomitant with active transcription of Mash1 [108]. By contrast, during
progressive stages of OL lineage maturation, the myelin gene, PLP, remains at the nuclear
periphery, despite being up regulated [109]. This is consistent with other observations
demonstrating that the nuclear periphery can be permissive for the transcription of certain
genes. For example, during T helper cell differentiation, the IFN-y locus remains at the
periphery during transcriptional activity and inactivity [110]. Further, genes in the periphery
that are localized near the nuclear pore complex may be associated with transcriptional
activity, suggesting that these genes are recruited to the nuclear periphery in order to
promote mRNA export into the cytoplasm [111].

Chromatin states for a particular gene may confer epigenetic cellular memory of previous
transcriptional activation, enabling a cell and its progeny to adapt rapidly to transcriptional
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cues [112]. In fact, the non-canonical histone variant H2A.Z is incorporated into the
promoters of recently repressed genes and is required to maintain them at the nuclear
periphery [45]. For example, the rate of GAL1 transcriptional induction is regulated by
epigenetic memory that is inherited by daughter cells. The GAL1-10 locus repositions from
a more central nucleoplasmic to a peripheral localization when activated but subsequently
remains at the nuclear periphery for seven generations despite repression [45]. This rapid
reactivation of GAL1 requires H2A.Z [45] and the SWI/SNF ATP-dependent chromatin
remodeling enzyme complex [113].

Looping of actively transcribed genes is another mechanism that has been linked to more
short-term transcriptional memory [114,115]. Looping is a phenomenon that refers to the
juxtaposition of promoter and terminator regions of genes. It is thought to be a product of
transcription, and gene loops that are maintained after transcription has been repressed have
been designated as memory gene loops (MGLs). These MGLs can persist for one to four
hours and promote rapid reactivation of the repressed gene. Intriguingly, looping has been
observed in all transcriptionally active genes, including those in humans, analyzed by
chromosome conformation capture (3C), a sensitive method for detecting physical genomic
interactions. However, not all loops are MGLs nor do MGLs alone mediate transcriptional
memory. Mlpl (TPR in mammalian cells), a nuclear pore complex associated protein, is
required for maintaining MGLs, and both MiIp1 and SWI/SNF are required for
transcriptional memory.

Functional nuclear domains

The nucleus is compartmentalized into structural and functional sub-organelles (i.e., nuclear
domains, bodies, or compartments), such as transcription factories, nucleoli, CBs, PML-
NBs, nuclear speckles, and paraspeckles that serve as transcriptional and post-transcriptional
control mechanisms [116].

The molecular machinery involved in the process of transcription can preassemble into a
number of distinct and spatially restricted nuclear foci called transcription factories that are
responsible for the coordinated, rapid, and efficient activation of gene expression. For
example, immediate early genes commonly reposition into these existing transcription
factories during transcriptional activation by looping out of their chromosomal territories
[117]. Similarly, actively transcribed globin genes associate with hundreds of other
transcribed genes from various intra- and inter-chromosomal regions and with the
transcription factor, KIfl in transcription factories that are found in the nuclei of mouse
erythroid cells [118]. Intriguingly, a recent study in neurons suggested that transcription
factories may be responsible for the activity-dependent transcriptional regulation of
cytochrome C oxidase (COX), a multisubunit bigenomically encoded enzyme [119]. 3C
analysis revealed that 10 genomic loci encoding the nuclear subunits of COX and three loci
encoding mitochondrial transcription factors critical for the transcription of mitochondria-
encoded COX subunits all occupy the same nuclear sites [119]. Further, transcription
factories can either be "poised” or "active” depending on the phosphorylation state of RNA
polymerase 11 (Pol-11), implying that functionally related genes associated with poised
transcription factories can very quickly be induced in response to specific stimuli [120].

The nucleolus is a nuclear compartment that represents a very large transcription factory
involved in ribosomal biogenesis [121]. Mammalian nuclei usually contain a single
nucleolus that is established by clusters of ribosomal DNA (rDNA) repeats called nucleolus
organizer regions (NORs). The structure of the nucleolus is dynamic and can react to
external stimuli [122,123]. rRNAs are transcribed by Pol-1, and their expression is regulated
by specific epigenetic factors [124]. Inactive NORs exist in a heterochromatic state mediated
by the repressive NoRC chromatin remodeling complex and by regulatory ncRNAs
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transcribed from the intergenic spacer (1GS) that separates rRNA genes [124,125]. In
contrast, active NORs exist in euchromatic states mediated by activating Cockayne
syndrome protein B (CSB), the histone methyltransferase, G9a, and the DNA methylation-
related proteins, MBD3 and Gadd4b5a [124]. The perinucleolar compartment (PNC) is a
nuclear body closely associated with the nucleolus, whose specific function remains known.
However, components of the PNC include ncRNAs transcribed by Pol-111, such as those
derived from Alu elements, and various RBPs including PTB, which is important for CNS-
specific alternative splicing [126].

Cajal bodies (or coiled bodies; CBs) are characterized by the presence of the signature CB
protein, p-80/coilin, and a heterogeneous group of other factors that dynamically co-localize
with coilin [127,128]. These factors include but are not limited to NPAT, a histone
transcription factor; fibrillarin and NOPP140, which are also components of the nucleolus;
and survival of motor neuron (SMN), which is mutated in the neuromuscular disease, spinal
muscular atrophy (SMA). This structure was initially described by Santiago Ramon y Cajal
in neurons, where it is prominent, but is also present in other cell types. The number and size
of CBs in a cell vary during specific cellular states (i.e., cell-cycle phase) and are responsive
to the overall levels of gene transcription. Further, CBs are also responsive to cell stress (i.e.,
viral infection and DNA damage), and CBs can be associated with PML-NBs (see below),
suggesting that these nuclear domains may co-regulate certain nuclear events. In some cell
lines and fetal tissues, the Gemini of CBs or “gems” represent SMN-containing nuclear
bodies found adjacent to CBs, whose functions remain unknown [128].

CBs are implicated primarily in mediating small nuclear ribonucleoprotein (SNnRNP)
metabolism. They contain a high concentration of SnRNPs and other RNA processing
factors and play key roles in the biogenesis of several classes of SnRNP. snRNPs re-entering
the nucleus are targeted to the CB, where snRNAs are modified (methylation and
pseudouridylation). These modifications are mediated by small CB-specific RNAs
(scaRNAS), a subclass of small nucleolar RNAs (snoRNAS). In addition, CBs may also play
roles in histone mMRNA processing, through close associations with histone locus bodies, and
also possibly in telomere maintenance [128]. Further, CBs have been implicated as sites of
SiRNA and miRNA biogenesis in plants [129].

Promyelocytic leukemia nuclear bodies (PML-NBs) are dynamic and heterogeneous
macromolecular protein complexes formed generally, but not always, by multimers of
SUMOylated promyelocytic leukemia (PML), a promiscuous scaffolding protein, and its
various direct and indirect partners, which include elF4E and Sp100 [130]. The PML protein
was initially identified as a part of the fusion proteins resulting from the reciprocal
chromosomal translocation of chromosomes 15 and 17 that is found in patients with acute
promyelocytic leukemia (APL). As such, the best-known biological functions of PML and
PML-NB:s are roles in cellular proliferation and apoptosis discovered, in part, through
studies of APL and several different types of cancers [131]. These roles may be mediated
through interactions with key factors including, for example, the tumor suppressors, p53 and
pRb; the oncoprotein, Mdm2; the DNA repair factor, RAD51; the signaling molecules,
mTOR and Akt; and the pro-apoptotic factors, c-jun and Daxx. Further studies seeking to
elucidate the composition and function of PML-NBs have revealed an interactome of 166
protein partners for PML, of which, the vast majority are involved in regulating transcription
[132]. These results are consistent with previous studies suggesting that PML-NBs are
associated with nuclear regions of high transcriptional activity. These factors are also
implicated in cell cycle regulation, post-translational modifications, virus-host interactions,
DNA damage/repair responses, and apoptosis/stress responses [132]. Intriguingly, a subclass
of PML-NBs, termed ALT-associated PML bodies (APBs), associates with telomeres and
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mediates a process referred to as alternative lengthening of telomeres (ALT) that allows
telomere maintenance independently of telomerase activity in cancer cells [133].

PML-NBs are also implicated in epigenetic processes through interactions with chromatin
and associations with various epigenetic regulatory factors, such as HP1 as well as various
histone methyltransferases, histone deacetylases and DNA methyltransferases. For example,
PML interacts with the genome-organizing factor, SATBL, to promote the organization of
the major histocompatibility complex (MHC) class | locus into distinct higher-order
chromatin-loop structures, linking PML with higher-order chromatin organization and gene
regulation [134]. Moreover, the PML-NB associated factor, Daxx, is also involved in the
deposition of the histone variant H3.3 that has been implicated in the epigenetic memory of
cellular state in neural progenitor cells (NPCs) [47,135].

One recent study of the developing CNS serves as an example that has expanded our
understanding of PML and PML-NB function during normal development [136]. PML is
expressed selectively in NPCs in the ventricular zone of the developing mouse neocortex
[136]. PmI~/~ mice exhibit increases in the overall number of proliferating NPCs; alterations
in the ratio of radial glial cells and basal progenitors, two major NPC subtypes; and defects
in cortical development. These effects of PML are mediated by its interactions with pRb and
PPla in PML-NBs. These observations highlight the roles of PML and PML-NBs in
modulating cell fate in the CNS and are consistent with evidence implicating the loss of the
PML protein in the development and progression of primary CNS malignancies (i.e.,
oligodendroglial tumors and medulloblastomas) [131]. These findings are also congruent
with the roles of PML and PML-NBs in modulating hematopoietic stem cell maintenance
[137] and progenitor cell fate in the mammary gland [138].

Nuclear speckles are dynamic nuclear compartments that contain snRNPs and a number of
post-transcriptional pre-mRNA metabolism factors. Proteomic analysis has identified 178
speckle proteins with roles in pre-mRNA processing, MRNA binding/packaging, and mRNA
transport roles [139]. In fact, speckles are thought to act as the main sites for storage,
assembly, and recycling of spliceosomal machinery. Some of these factors have an arginine/
serine-rich domain, which targets them to speckles. Similarly, histidine repeats seem to
target genes associated with nervous system development to speckles [140]. Some genes,
including heat-shock genes and erythroid and muscle cell differentiation genes, are
associated with and even cluster around speckles when transcribed [141]. These
observations suggest that these gene-speckle associations promote the maturation of such
RNAs. Notably, in OLs, active transcription of the PLP gene induces the formation of
adjacent speckles, suggesting that speckles are important for myelin formation [109]. Also,
NeuN/Fox-3, a marker for post-mitotic neurons, is reliably found in nuclear speckles, further
highlighting the importance of these structures in the CNS [142].

Nuclear paraspeckles are more recently characterized nuclear domains that are implicated in
the regulation of mMRNA nuclear export [143-146]. A mammalian IncRNA, NEAT1/VINC/
MENEe/B, is the primary component responsible for the formation and maintenance of
paraspeckles, and paraspeckles are often associated closely with the NEAT1 gene locus
[143-146]. To form paraspeckles, NEAT1 associates with a relatively small number of
proteins including, most prominently, members of the Drosophila Behavior Human Splicing
(DBHS) family of proteins—PSPC1, SFPQ and P54NRB. These proteins bind to single- and
double-stranded DNA and RNA and are involved in various aspects of RNA transcription
(i.e., transcription initiation and termination) and post-transcriptional processing (i.e.,
splicing). However, the key function of paraspeckles seems to be promoting the retention of
hyper-edited mRNASs in the nucleus [147].
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For example, the expression of the mouse-specific RNA, Ctn, is regulated by nuclear
retention within paraspeckles [148]. Ctn is transcribed from the same gene locus as mCAT?2
but utilizes an alternative promoter and distal polyA site. Compared with canonical mCAT2,
Ctn has a much longer 3’UTR containing repeat elements subject to A-to-1 RNA editing.
The cleavage of this long 3’UTR promotes nuclear export and results in increased levels of
mCAT?2 protein. Intriguingly, a number of factors with important roles in the CNS have
relatively long 3’UTRs [149] and are subject to high levels of RNA editing [70]. These
observations suggest that paraspeckles and the associated RNA nuclear retention mechanism
are particularly important in mediating key CNS functions.

The roles of paraspeckles have already been linked to neurobiological processes, including
neural differentiation and circadian rhythm maintenance. Notably, NEAT1 is not expressed
in human ES cells but is expressed during differentiation [150], including in neuronal and
OL lineages [66]. Further, Sox9, a key OL developmental transcription factor, may be a
paraspeckle component [151]. Also, P54NRB is required for circadian rhythm maintenance
through effects on the circadian rhythm maintenance factor, PER1 [152].

Similarly, the IncRNA, Gomafu has also been detected in differentiating NPCs and post-
mitotic neurons in regions of the nucleus that do not co-localize with known nuclear
domains [153]. These observations suggest that Gomafu is localized in a novel nuclear
domain and possibly that IncRNAs, more generally, constitute cell-type-specific components
of the nuclear matrix.

The functional roles of additional nuclear bodies, including but not limited to stress bodies
[154], cleavage bodies [155], polycomb bodies [156], matrix-associated deacetylase bodies
[157], clastosomes [158], DDX1 bodies [159], and FBXO25-associated nuclear domains
[160] are still emerging.

Neurological diseases

Abnormalities in nuclear organization and dynamics have been associated with a variety of
CNS disease states. These impairments represent primary pathogenic mechanisms for a
subset of these disorders and have been linked to epigenetic deregulation. The functional
significance of nuclear lesions such as aberrant nuclear domains or inclusions, which are
found in disorders including some common neurodegenerative diseases, is largely unknown.

Laminopathies or envelopathies

Lamins and lamin-associated proteins are important for the structural and functional
integrity of the nucleus. Disorders of these factors cause a range of diseases called
laminopathies or envelopathies [35]. The A-type lamins, lamin A and lamin C, are
alternatively spliced variants encoded by the LMNA gene. LMNA mutations typically present
with muscle, peripheral nerve, and adipose symptoms (e.g., lipodystrophies) or progeria.
These neurological diseases include neuromuscular disorders, autosominal dominant (and
rarely recessive) Emery-Dreifuss muscular dystrophy, limb-girdle muscular dystrophy type
1B, and congenital muscular dystrophy; peripheral neuropathy, Charcot-Marie-Tooth
disease type 2B1 [23]; and progeria phenotypes, Hutchinson-Gilford progeria syndrome,
atypical Werner Syndrome, variant progeroid disorders, and mandibuloacral dysplasia [161].
By contrast, other genes, including LMNB1, which is mutated in adult-onset autosomal
dominant leukodystrophy, encode B-type lamins [25]. Mutations in lamin-associated
proteins also cause neurological diseases. EMD is responsible for X-linked forms of Emery-
Dreifuss muscular dystrophy [162]. SYNEL1 is responsible for a form of autosomal recessive
cerebellar ataxia [163]. TOR1A/DYT1 is responsible for an early-onset form of torsion
dystonia [164]. A variety of studies show that the molecular pathophysiology of these
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laminopathies is related to defects in the normal profiles of gene-specific and genome-wide
chromatin rearrangements [27,165,166]. In addition, other interesting observations suggest
that the pathology of disorders not traditionally thought to be laminopathies, such as fragile
X tremor ataxia syndrome may, in fact, be due to dysregulation of lamin A/C function [24].
Similarly, irregularities in the nuclear envelope (i.e., fragmentation, prominent nuclear pore
aggregation, and a close association with paired helical filaments) have been noted as
features of Alzheimer’s disease [26].

Cohesinopathies

Mutations in cohesin and related proteins lead to diseases termed cohesinopathies [29].
Cornelia de Lange syndrome (CdLS) and Roberts syndrome (RBS) are the best
characterized and are associated with clinical findings including growth and mental
retardation, limb deformities, and craniofacial anomalies as well as a spectrum of
neuropathological lesions [167]. Because cohesin is a multi-subunit complex that is known
to be responsible for facilitating cohesion between sister chromatids and enabling proper
chromosome segregation during cell division and post-replicative DNA repair, it might be
expected that defects in these processes underlie the pathogenesis of cohesinopathies.
However, this is not the case [32]. Interestingly, transcriptional dysregulation is one of the
hallmarks of these diseases, suggesting that cohesin may subserve alternative non-canonical
roles. In fact, the cohesin pathway is now being linked to a range of additional functions
related to genome organization and dynamics [32]. These potentially include mediating local
gene regulation, long-distance intergenomic interactions, and nuclear positioning of genomic
sequences. Cohesin co-localizes with and is perhaps recruited by CTCF to specific genomic
sites [168]. Studies have shown that cohesin can mediate transcriptional activation,
transcriptional repression, and transcription termination at these sites. Further, disruption of
cohesin-mediated gene regulation is categorically linked to aberrations in neuronal
development [32]. In addition, cohesin facilitates enhancer-promoter interactions, which
suggests that it may promote formation or stabilize of chromatin loops. Cohesin can
modulate the IFN-y, imprinted 1gf2/H19, Hbb, and apolipoprotein gene loci [32]. It has also
been observed that cohesin may regulate GAL2 transcription and recruitment to the nuclear
periphery [169] and facilitate the nuclear positioning of telomeres [32]. Together, these
observations suggest that cohesinopathies may result from deregulation of chromatin
organization within the nucleus.

Disorders linked to functional nuclear domains

Nuclear domains are thought to play roles in cellular processes, such as cell stress, DNA
damage and apoptosis, which are associated with the pathophysiology of diverse CNS
disorders. Factors that are deregulated in these diseases may be functional components of
these domains. For example, reductions in the CB-associated SMN protein result in SMA, a
neuromuscular disorder characterized by degeneration of the anterior horn cells of the spinal
cord [170]. It remains unclear why mutations or deletions of the SMN1 gene, a ubiquitously
expressed factor, give rise to cell type-specific pathology. However, this pattern is also
observed in other neurodegenerative diseases. One hypothesis is that neurons, in general,
and motor neurons, in particular, are selectively vulnerable to the deregulation of RNA
metabolism that is the result of SMN depletion [171]. SMN is part of a complex that
mediates the biogenesis of spliceosomal sSnRNPs [172]. Specifically, it is involved as a
chaperone in the assembly of spliceosomal snRNPs in the cytoplasm and their delivery to
the CB [172]. CUG-BP1 plays a role in the pathogenesis of myotonic dystrophy and is
enriched in PNCs [173]. Similarly, CDKLS5, a protein that is localized to nuclear speckles
and involved in regulating their function, is linked to a variant of Rett syndrome, an autistic
spectrum disorder. CDKLS5 over expression promotes speckle disassembly and down
regulation affects nuclear speckles, suggesting deregulation of splicing may underlie the
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neurodevelopmental deficits characteristic of this CDKL5-related disorder [174]. TDP-43, a
protein linked to frontotemporal lobar degeneration and amyotrophic lateral sclerosis, is
found in speckles [175]. Notably, a factor that plays a major role in familial forms of
Alzheimer's disease, APP, localizes to nuclear bodies called AFT complexes that are
associated with, but are distinct from, nuclear speckles, CBs and PML-NBs [33].

Nuclear domains may not only be associated with factors implicated in neurological
diseases, but these domains may also exhibit abnormalities in these disorders (reviewed in
detail in [31]). For example, reorganization of nuclear speckles and CBs is a prominent
feature found in so-called Purkinje cell degeneration mutant mice. These mice exhibit
selective and progressive degeneration of specific neuronal populations [28]. Also,
immunodeficiency, centromere instability and facial anomalies (ICF) syndrome results from
defects in DNA methylation, chromatin remodeling and transcriptional regulation, and HP1
proteins accumulate in one giant PML-NB [176]. PML has also been found in the nuclear
inclusions associated with various neurodegenerative disorders [31].

Disorders linked to miscellaneous nuclear defects

Dysfunction of transcriptional regulation, DNA repair, and other nuclear processes has been
implicated as a key factor in the pathogenesis of various CNS disorders including forms of
hereditary ataxia [34]. Transcriptional deregulation is involved in the pathogenesis of the
dominantly inherited ataxias—spinocerebellar ataxia types 1 and 17 (SCA1 and SCA17).
SCAL is caused by an expanded repeat in the ATXN1 gene that may influence transcriptional
regulation and splicing [177]. In fact, ATXNL1 interacts with various regulators of
transcription (e.g., CIC and RORa/Tip60), RNA species, as well as RNA-processing
proteins (e.g., RBM17) [34]. Similarly, SCA17 is caused by an expanded repeat in the TBP
gene encoding a TATA-binding transcription factor (TBP/TFIID) essential for the function
of all three nuclear RNA polymerases [178]. Abnormalities in single-strand break and
double-strand break DNA repair pathways are also involved in the pathogenesis of inherited
ataxias. Ataxia telangiectasia (AT) arises from defects due to ATM gene mutations [179].
Ataxia with ocular apraxia type 1 (AOAL) and spinocerebellar ataxia and neuropathy 1
(SCANL) are caused by mutations in the APTX and TDP1 genes, respectively [180,181].
Why mutations in these factors result in neuronal cell-type specific pathology and “nuclear
ataxias” remains unknown. However, one hypothesis is that the specific epigenetic state of
neuronal DNA makes it either more or less accessible to DNA-binding proteins and thus
confers selectively vulnerability on these cells [34].
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