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Epigenetics and epigenomic medicine encompass a new science of brain and behavior that are already
providing unique insights into the mechanisms underlying brain development, evolution, neuronal
and network plasticity and homeostasis, senescence, the etiology of diverse neurological diseases
and neural regenerative processes. Epigenetic mechanisms include DNA methylation, histone
modifications, nucleosome repositioning, higher-order chromatin remodeling, non-coding RNAs,
and RNA and DNA editing. RNA is centrally involved in directing these processes, implying that
the transcriptional state of the cell is the primary determinant of epigenetic memory. This
transcriptional state can be modified by internal and external cues affecting gene expression and posttranscriptional processing, but also by RNA and DNA editing through activity-dependent
intracellular transport and modulation of RNAs and RNA regulatory supercomplexes, and through
trans-neuronal and systemic trafficking of functional RNA subclasses. These integrated processes
promote dynamic reorganization of nuclear architecture and the genomic landscape to modulate
functional gene and neural networks with complex temporal and spatial trajectories. Epigenetics
represents the long sought after molecular interface mediating gene-environmental interactions
during critical periods throughout the lifecycle. The discipline of environmental epigenomics has
begun to identify combinatorial profiles of environmental stressors modulating the latency, initiation
and progression of specific neurological disorders, and more selective disease biomarkers and graded
molecular responses to emerging therapeutic interventions. Pharmacoepigenomic therapies will
promote accelerated recovery of impaired and seemingly irrevocably lost cognitive, behavioral,
sensorimotor functions through epigenetic reprogramming of endogenous regional neural stem cell
fate decisions, targeted tissue remodeling and restoration of neural network integrity, plasticity and
connectivity.
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The four cardinal and interdependent epigenetics mechanisms, including DNA methylation;
histone code, nucleosome and higher-order chromatin remodeling; non-coding RNAs
(ncRNAs); RNA editing and DNA recoding, have all been implicated in orchestrating a
seemingly infinite variety of molecular and cellular processes essential for higher nervous
system functions and evolutionary innovations (Feng et al., 2007; Klose and Bird, 2006;
Kondo, 2006; Mehler and Mattick, 2007; Taniura et al., 2007; Tsankova et al., 2007). DNA
methylation represses local and genome-wide gene transcription through the transfer of methyl
groups from S-adenosyl methionine to DNA sequences containing cytosine dinucleotides
(CpG) and is catalyzed by DNA methyltransferases (DNMTs) endowed with “maintenance”
of methylation (DNMT1) or “de novo” methylation (DNMT3A/B/L) important for distinct
developmental and mature neural functions (Klose and Bird, 2006). A related RNA
methyltransferase (DNMT2) is involved in gene silencing during development (Rai et al.,
2007). Within the genome, non-coding regions within individual genes (intronic) and between
separate genes (intergenic) are heavily methylated to preserve genomic integrity, to repress
expression of germline genes in somatic cells and to establish and maintain cell identity by
stabilizing DNA associated with chromosome segregation during mitosis (centromeres),
cellular aging (telomeres), mobile parasitic repeat sequences introduced primarily through
evolutionary waves of viral invasion (DNA transposons, retrotransposons) as well as by
facilitating gene dosage effects and diversification of gene expression from maternal and
paternal alleles (genomic imprinting and X-chromosome inactivation) (Wilson et al., 2007).
Gene promoter elements display more complex and changing patterns of DNA methylation,
where transcriptional repression generally correlates with the degree of methylation within
promoter CpG clusters or islands and the extent of interference with transcription factor binding
(Freitag and Selker, 2005; Weber et al., 2007).
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DNA methylation also exhibits intricate interactions with multiple components of the
epigenetic machinery (enzymes mediating nucleosome and higher order chromatin
remodeling, ncRNAs and RNA editing) and participates in the orderly elaboration of epigenetic
marks essential for mediating rapidly reversible as well as short- and long-term gene silencing
and multigenerational inheritance (Metivier et al., 2008; Nightingale et al., 2006). Profiles of
DNA methylation are intimately linked to patterns of histone protein post-translational
modifications by methyl CpG binding proteins (MBDs) that are recruited to methylated DNA
in association with large and dynamic protein complexes containing specific types of histonemodifying enzymes that reinforce and stabilize gene repression patterns and orchestrate DNA
replication and repair (Klose and Bird, 2006). MBDs, such as MeCP2, may mediate genomic
imprinting by promoting selective gene pair (allele)-specific chromatin looping of methylated
sequences in imprinted regions resulting in allele-selective profiles of gene expression (Yasui
et al., 2007).
Recent studies suggest that individual DNA methylation signatures may account for differences
in neuronal identity and in regional functional specialization (Ladd-Acosta et al., 2007). De
novo DNA methylation has been shown to prevent the premature expression of neural stem
cell-associated as well as alternate differentiation programs (Weber et al., 2007). Levels of
DNMT1 are high in the embryonic nervous system and function to maintain profiles of DNA
methylation in dividing neural precursors (Feng et al., 2007). DNMT1 is also expressed in
post-mitotic neurons and glia in the perinatal and adult brain where it facilitates cellular
turnover and specific forms of DNA repair (Feng et al., 2007). DNMT3B is expressed in early
embryonic neural progenitors during neurogenesis, whereas DNMT3A is expressed at later
developmental stages and in the adult brain in all undifferentiated and differentiated neural cell
types, with peak expression occurring during the critical postnatal window of neuronal
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maturation with residual expression during adult life, particularly within stem cell generative
zones mediating constitutive neurogenesis (Feng et al., 2007). The expression and enzymatic
activity profiles of DNMTs are actively modulated by an array of physiological and
pathological states and interactions with DNMT3L, and the continued expression and precise
regulation of DNMTs is essential for mediating neuronal survival, plasticity and stress
responses (Klose and Bird, 2006; Ooi et al., 2007). DNA methylation also directly regulates
the timing of astrocyte differentiation by modulating the methylation status of specific
transcription factor binding motifs present within multiple glial maturational genes (Feng et
al., 2007; Kondo, 2006). Multiple MBDs are also actively involved in brain development and
adult function, including the diverse roles of MeCP2 as both a transcriptional activator as well
as a repressor in post-mitotic neurons, and MBD1 in adult neurogenesis (Chahrour et al.,
2008; Feng et al., 2007; Kondo, 2006).
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A wide variety of Mecp2 mutant mice have been generated and molecular, histopathological
and behavioral examination has provided significant insights into the pathogenesis of Rett
syndrome (Chahrour and Zoghbi, 2007). These studies indicate that MeCP2 is essential for
progressive stages of postnatal brain development and mature neuronal function, modulates
synaptic function and plasticity, autonomic responses and complex neurobehavioral and
motoric repertoires, regulates axonal targeting and neural network deployment, has preferential
roles in nervous system functioning, and MeCP2 expression levels are under stringent
regulation to prevent a spectrum of neurodevelopmental and neuropsychiatric conditions.
Moreover, these animal models indicate that the neurological dysfunction in Rett syndrome
may be functionally reversible due to epigenetic plasticity inherent in the activity profiles of
MeCP2 and potentially other MBDs (Giacometti et al., 2007; Guy et al., 2007).

2. Histone code modifications, nucleosome repositioning and chromatin
remodeling
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The ability to continually modulate the precise profiles of expression of single genes and
functional gene networks within individual nerve cells and neural networks throughout the
brain in response to complex metabolic signals, diverse cellular processes and intricate profiles
of environmental cues requires the dynamic remodeling of a multilayered network of chromatin
architecture transacted by an ever expanding array of enzymes and associated signal
transduction pathways (Bhaumik et al., 2007; Feng et al., 2007; Ito, 2007; Kouzarides, 2007;
Ruthenburg et al., 2007; Schwartz and Pirrotta, 2007). Chromatin is composed of units of DNA
along with histone and non-histone proteins that promote the proper three-dimensional folding
of DNA and the dynamic regulation of whole genome functions within the nucleus
(Kouzarides, 2007). The smallest functional unit of chromatin, the nucleosome consists of a
small stretch (147 base pairs) of DNA wrapped around a core of pairs of integral (H2A, H2B,
H3, H4) histone proteins, as well as linker (H1) and specialized variant histones (Godde and
Ura, 2008; Ito, 2007; Kamakaka and Biggins, 2005). The organization of nucleosomes
promotes fine-tuning and local control of DNA folding, precise access of transcription factors
and co-factors to DNA regulatory regions and the orderly progression of gene transcription
and DNA repair processes (Berger, 2007; Ruthenburg et al., 2007). Moreover, the nucleosome
contains regional molecular recruitment and signaling platforms for coordinating genomewide, higher-order chromatin remodeling (Berger, 2007; Ruthenburg et al., 2007).
Chromatin exists in a spectrum of functional states interspersed between condensed and
inactive (heterochromatin) and open and active (euchromatin) forms, with some genomic
regions present in a highly repressed long-term inactive state to promote genomic stability,
some in an inactive but permissive state to facilitate seminal cellular processes such as cell
division, and some in a poised state associated with transcriptional memory and the expression
of variant histone marks to properly modulate cellular mechanisms underlying neural
Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.
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developmental maturation (Berger, 2007; Downs et al., 2007; Grewal and Jia, 2007;
Kouzarides, 2007; Raisner and Madhani, 2006; Su and Tarakhovsky, 2006). “Constitutive”
heterochromatin utilizes numerous epigenetic mechanisms to spread across large chromosomal
regions and regulates diverse cell processes such as genomic stability, long-range gene
modulation, recruitment of non-coding regulatory RNAs and establishment of gene dosage
effects, including selective expression of genes from maternal and/or paternal-derived alleles
(Chen et al., 2008a; Downs et al., 2007; Grewal and Jia, 2007; Kouzarides, 2007; Schwartz
and Pirrotta, 2007). By contrast, “facultative “heterochromatin exhibits cell-selective profiles
of deployment associated with developmental morphogenesis and cellular differentiation
(Chen et al., 2008a; Downs et al., 2007; Grewal and Jia, 2007; Kouzarides, 2007; Schwartz
and Pirrotta, 2007). Maintenance of chromatin architecture requires complex interactions
between adjacent regions of heterochromatin and euchromatin mediated by diverse boundary
elements (transcription factors [CCCTC-binding factor: CTCF], variant histones [H2A.Z] and
heterochromatin protein [HP1] subtypes) that preserve the integrity of gene expression while
also creating higher-order DNA loops to facilitate the interactions of distant gene regulatory
elements and to recruit additional chromatin-modifying enzyme complexes (Akhtar and
Gasser, 2007; Berger, 2007; Downs et al., 2007; Grewal and Jia, 2007; Raisner and Madhani,
2006; Schuettengruber et al., 2007).
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Primary histone modifications encompass an elaborate epigenetic lexicon that demarcates
functional genomic microdomains, acting as molecular beacons to attract chromatin-modifying
factors containing specific interaction domains required to selectively modulate the
progression and fidelity of essential cellular processes including transcription, translation,
DNA replication and repair (Ito, 2007; Kouzarides, 2007; Ruthenburg et al., 2007; Schwartz
and Pirrotta, 2007). Intricate and changing profiles of post-translational covalent modifications
(methylation, acetylation, phosphorylation, ubiquitylation, SUMOylation, ADP-ribosylation,
deimination, proline isomerization) of different histone proteins at specific amino acid residues
(lysine [K], arginine [R], serine [S], threonine [T], glutamate [E]) predominantly on their
amino-terminal tails and at defined genomic loci are orchestrated by an expanding array of
enzymes with complex activity profiles (Kouzarides, 2007). These histone-modifying enzymes
add or remove histone modifications in response to local profiles of complementary histone
modifications, coordinate actions of higher-order chromatin modifiers and additional cellular
signaling pathways and associated metabolic and environmental cues that collectively
modulate gene expression and function with exquisite degrees of spatial and temporal
resolution (Hogan and Varga-Weisz, 2007; Kouzarides, 2007; Nightingale et al., 2006;
Ruthenburg et al., 2007; Taniura et al., 2007). Histone-modifying enzymes can also
concurrently modulate cellular processes linked to gene expression through separate actions
on non-histone proteins (Taniura et al., 2007). In addition, histone-modifying enzymes are
often components of larger multiprotein and even transcriptional supercomplexes involved in
coordinated intra- and inter-chromosomal interactions, dramatic reorganization of nuclear
territories and transient creation of “transcription factories” to execute integrated genome-wide
gene expression profiles, functional outcomes and flexible and evolving gene and neural
network programs (Akhtar and Gasser, 2007; Ooi and Wood, 2007; Rosenfeld et al., 2006;
Ruthenburg et al., 2007; Schneider and Grosschedl, 2007).
Chromatin profiles or “codes” are important for ensuring the versatility and the heritability of
diverse epigenetic processes including genomic imprinting, X-chromosome inactivation,
heterochromatin formation, gene silencing and also incomplete epigenetic reprogramming
whose molecular signals may be transmitted across multiple generations independent of the
original inciting environmental stimuli (Anway et al., 2008; Dolinoy et al., 2007; Grewal and
Jia, 2007; Groth et al., 2007; Hajkova et al., 2008; Reik, 2007; Sasaki and Matsui, 2008).
Higher-order chromatin codes are transacted by distinct polycomb (PcG) and trithorax (TrxG)
group complexes that bind to regulatory regions of multiple gene targets through PcGProg Neurobiol. Author manuscript; available in PMC 2009 December 11.
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(“PRE”) and TrxG- (“TRE”) response elements and thereby establish reversible signaling
platforms to recruit and orchestrate the functions of enzymes involved in DNA methylation,
histone modification, ATP-dependent nucleosome remodeling and regulatory RNA processing
(Schuettengruber et al., 2007). PcG- and TrxG-mediated chromosome condensation and
relaxation, respectively, are essential for promoting essential cellular processes including
mitosis and apoptosis as well as DNA replication, repair, recombination and transcription
(Berger, 2007; Downs et al., 2007; Groth et al., 2007; Hogan and Varga-Weisz, 2007;
Ruthenburg et al., 2007; Schuettengruber et al., 2007). By contrast, nucleosome-remodeling
enzymes promote more local nucleosome repositioning to orchestrate the directionality and
sequential elaboration of transcriptional events and to prevent transcription initiation from
cryptic sites and “read-through” to adjacent genes (Hogan and Varga-Weisz, 2007; Whitehouse
et al., 2007). Components of the histone and higher-order chromatin codes are essential for
preserving the organization of distinct functional nuclear microdomains and for enhancing the
fidelity of linked genomic processes such as the coupling of gene transcription to RNA posttranscriptional processing including gene splicing, stability, error detection, nuclear export,
cellular localization, as well as maintenance of epigenetic transcriptional memory by the
actions of the variant histone, H2A.Z, all initiated and localized at the nuclear pore complex
(Akhtar and Gasser, 2007; Raisner and Madhani, 2006). Histone modifications and chromatin
reorganization have been implicated in neural stem cell maintenance and progressive cell fate
restriction, neuronal and glial subtype specification and maturation, neuronal homeostasis,
neural network plasticity, learning and memory, sophisticated cognitive and behavioral
capacities, brain aging and the pathogenesis of diverse neurological and psychiatric disorders
(Bhaumik et al., 2007; Blasco, 2007; Feng et al., 2007; Hsieh and Gage, 2004; Kondo, 2006;
Kouzarides, 2007; Mikkelsen et al., 2007; Ooi and Wood, 2007; Shi et al., 2007b; Taniura et
al., 2007; Tsankova et al., 2007).

3. Non-coding RNAs: functional subclasses and genomic context
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The proportion of non-protein coding regions within eukaryotic genomes has expanded
significantly as a function of developmental complexity during evolution (Frith et al., 2005;
Mattick, 2004; Pang et al., 2006; Taft et al., 2007). By contrast, the number of protein-coding
genes has remained relatively static (Frith et al., 2005; Mattick, 2004; Pang et al., 2006; Taft
et al., 2007). Moreover, recent studies have demonstrated that the vast majority of these nonprotein coding regions are actively transcribed, often in intricate modular and interleaved
patterns from both DNA strands (Gingeras, 2007; Kapranov et al., 2007b). A large proportion
of these transcripts are further processed to give rise to small and longer regulatory ncRNAs
that function through sequence-specific or “digital” recognition of DNA, RNA and higherorder DNA: RNA complexes as well as via conformational or “analogue” interactions with
RNA binding proteins (RBPs) and other protein-based signaling networks (Keene, 2007;
Mattick and Makunin, 2005; 2006; St Laurent and Wahlestedt, 2007). These ncRNAs promote
developmental and adult homeostatic and plasticity programs and the integration of
environmental inputs through changes in DNA methylation, chromatin architecture, epigenetic
memory, RNA structure, processing and stability, transcription, translation and associated
RNA post-transcriptional events (Amaral et al., 2008; Mattick, 2007; Mehler and Mattick,
2007). Chromatin remodeling enzymes and chromatin-modifying complexes possess little
known affinity for DNA sequences, whereas many proteins involved in chromatin dynamics
have the capability to bind to RNA and to multifunctional complexes containing RNA (Barski
et al., 2007; Bernstein et al., 2006; Kouzarides, 2007; Mikkelsen et al., 2007; RodriguezCampos and Azorin, 2007). These specialized protein-nucleic acid interactions are
significantly enhanced by the presence of numerous selective binding domains present within
chromatin remodeling enzymes and related gene effector proteins (Ruthenburg et al., 2007).
Moreover, many regulatory sequences involved in chromatin architecture and the expression
of associated protein-coding genes are under complex and exquisite spatiotemporal modulation
Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 6

NIH-PA Author Manuscript

(Chapman and Carrington, 2007; Mattick, 2007). Further, a subset of these non-coding
transcripts influence gene activation by targeting ubiquitous protein regulators (Ash1, HP1 and
chromatin insulator proteins) to cognate sequences in adjacent (“cis-acting”) regulatory
response elements, including PREs and TREs that are themselves transcribed as ncRNAs
(Grimaud et al., 2006; Lei and Corces, 2006; Maison et al., 2002; Sanchez-Elsner et al.,
2006; Schmitt and Paro, 2006). Non-coding transcription, particularly longer ncRNAs, can
also alter more global chromatin structure, particularly during neural development, by
recruiting chromatin remodeling factors and complexes to regulate developmental
“morphogenic” gene clusters as well as by modulating histone and CpG island methylation at
considerable distances from the active sites of ncRNA transcription (Carninci et al., 2005;
Schmitt et al., 2005; Tufarelli et al., 2003). Numerous classes of ncRNAs are preferentially
expressed within the mammalian nervous system, in concert with evolutionary adaptations in
genomic architecture necessary to promote the biogenesis and functions of these RNA
regulatory pathways (Mattick, 2007; Mattick and Makunin, 2006; Mehler and Mattick, 2006;
2007). These observations suggest that the explosive evolutionary innovations in human brain
form and function, environmental responsiveness as well as susceptibility to a spectrum of
complex neurological and psychiatric diseases may be intimately linked to the multifunctional
properties of ncRNAs and their associated digital and analogue signaling networks (Mehler
and Mattick, 2007; St Laurent and Wahlestedt, 2007).
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MicroRNAs (miRNAs) are 21-23 nucleotide regulatory ncRNAs that either repress translation
or inhibit the stability and deployment of their target RNAs, and a large number of mammalian
brain-specific miRNAs have been described with specialized roles in neural development,
maintenance of mature neural traits, and synaptic and neural network plasticity (Cao et al.,
2006; Kosik, 2006; Mehler and Mattick, 2007). Numerous miRNAs are expressed in specific
neuronal subtypes, particularly in the neocortex and the cerebellum (Kosik, 2006; Mehler and
Mattick, 2007). Transcripts encoding synaptic proteins comprise the largest subclass of
predicted miRNA targets, suggesting seminal roles for miRNAs in activity-dependent synaptic
plasticity and memory formation, and alterations in miRNAs have been implicated in a diverse
range of neurological and psychiatric conditions, particularly those associated with prominent
developmental components to pathogenesis (Ashraf and Kunes, 2006; Mehler and Mattick,
2007). miRNAs function through argonaute protein-associated complexes that represent
versatile mediators of several additional RNA gene-silencing pathways (Diederichs and Haber,
2007; Hutvagner and Simard, 2008; Peters and Meister, 2007; Wu and Belasco, 2008). A single
miRNA may differentially repress or even activate the expression and thereby modulate the
functions of as many as 1000 target genes in association with combinations of RBPs present
at the appropriate 3’ untranslated region (UTR) or at additional regulatory sites of the target
gene (Vasudevan et al., 2007). MiRNAs also rapidly and reversibly fine-tune gene expression
levels and promote the engagement of specific functional gene networks in an environmentally
responsive manner (Kosik, 2006; Shimoni et al., 2007; Tsang et al., 2007). The complexity of
miRNA regulatory networks has been underscored by the finding that RNA editing (see below)
affects every step in the biogenesis, processing and stability of mature miRNAs and
dramatically alters the profiles of miRNA targets (Gao, 2008; Kosik, 2006; Yang et al.,
2006). To add another layer of contextual intricacy, the miRNA biogenesis pathways differ
depending on their genomic (intronic versus intergenic) origins (Okamura et al., 2007; Ruby
et al., 2007). Furthermore, recent bioinformatics studies suggest that the vast majority of
miRNAs have yet to be identified and validated, and many appear to be primate- and even
human-lineage specific and undergoing rapid evolutionary selection (Mattick, 2007). Selective
loss of Dicer, the enzyme involved in the final step of generation of mature miRNAs from
nuclear pre-miRNA precursors, in mouse forebrain excitatory neurons results in impaired
cortical and hippocampal morphogenesis, alterations in dendrite branching and spine length,
abnormal axonal pathfinding and enhanced apoptosis of developing neuroblasts (Davis et al.,
2008b). Moreover, key intracellular signaling transducers of diverse neurodevelopmental
Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.
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events directly regulate miRNA biogenesis (Davis et al., 2008a). These observations reinforce
the seminal roles of miRNAs in CNS development and how loss of miRNA biogenesis mirrors
the neuropathological findings associated with a spectrum of neurological disorders associated
with cognitive and behavioral impairments.
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In addition to miRNAs, a variety of other ncRNA subclasses have been identified with diverse
genomic and cellular functions especially in the nervous system. Small nucleolar RNAs
(snoRNAs) and related ncRNAs provide regulatory controls for enhancing developmental and
adult functional complexity through their effects on chromosome segregation and maintenance,
genomic imprinting, RNA splicing, transcription, translation and cell cycle regulation
(Huttenhofer et al., 2002; Rogelj and Giese, 2004; Rogelj et al., 2003). SnoRNAs guide at least
two types of site-selective modifications of nucleotides directed by two distinct subfamilies,
and the most common snoRNAs participate in ribosomal RNA (rRNA) modifications during
ribosomal biogenesis (Lestrade and Weber, 2006; Meier, 2005). A spectrum of brain-specific
snoRNAs has been identified, and many display differential profiles of expression within areas
associated with learning and memory (Rogelj et al., 2003). Furthermore, a snoRNA, HBII-52,
modifies the RNA editing and alternate splicing of a specific serotonin receptor subunit (5-HT
[2C]), and this has important implications for the pathogenesis of specific neurodevelopmental
and neuropsychiatric diseases, particularly those associated with deregulation of genomic
imprinting (Kishore and Stamm, 2006; Rogelj and Giese, 2004). SnoRNAs, miRNAs as well
as longer ncRNAs are associated with and participate in the process of genomic imprinting,
and these allele-specific genomic regulatory events affect brain development and mature neural
functions in innumerable ways that are just beginning to be fully appreciated (Mehler and
Mattick, 2007). Allele-specific gene regulation is associated with complex and cell- and
developmental-specific profiles of gene expression in brain, and disruption of imprinted loci
has been implicated in the pathogenesis of numerous neurological disorders associated with
intricate cognitive and behavioral phenotypes (Davies et al., 2006; Kishino, 2006; Pauler et
al., 2007; Yang and Kuroda, 2007; Zaratiegui et al., 2007). ScaRNAs, a related subclass of
ncRNAs, direct modifications of “spliceosomal” RNAs involved in alternate splicing of gene
transcripts to create diverse functional protein isoforms (Bessonov et al., 2008; Meier, 2005).
It is highly likely that additional subclasses of small ncRNAs located at selected genomic loci
within transcriptional units, 5’ regulatory regions and at intergenic sites will be identified that
are essential for fine-tuning transcriptional activities and also for facilitating RNA silencing
pathways through the mediation of argonaute proteins (Aftab et al., 2008; Han et al., 2007;
Hock et al., 2007; Hutvagner and Simard, 2008; Li et al., 2008a). These diverse RNA species
may fine-tune local and long distance gene expression by formation of higher order RNA:
DNA complexes and by acting as molecular beacons for specific transcriptional and epigenetic
regulators and co-regulators and may therefore have enormous therapeutic potential for
selective targeting of disease-associated epigenetic lesions. Several additional classes of
ncRNAs, including telomeric RNA, signal recognition particle RNA and piwi proteininteracting RNAs (piRNAs), are involved in the regulation of genomic architecture, the
maintenance of germline genomic integrity, the aging process and have been linked to many
other seminal cellular events (Amaral et al., 2008; Blasco, 2007; Chapman and Carrington,
2007; Mehler and Mattick, 2007; Yang and Kuroda, 2007; Zaratiegui et al., 2007). NcRNAs
also direct and collaborate with selective RBPs to modulate transcriptional programs in
response to complex environmental signals through conformational and activity-dependent
(“allosteric”) modifications to RBPs, and by counteracting histone code signatures at specific
transcriptional units (Wang et al., 2008c). Although transfer RNAs (tRNAs) and rRNAs have
long been recognized and assumed to have general cellular housekeeping roles, these
specialized subclasses of ncRNAs have more recently been implicated in an expanding range
of developmental and adult nervous system functions as indicated by the effects of targeted
mutations of tRNAs and rRNAs in the pathogenesis of a spectrum of neurodevelopmental,
neurodegenerative and neuropsychiatric diseases, including the complex and often evolving
Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.
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Recent studies suggest that hundreds of thousands of longer polyadenylated and nonpolyadenylated ncRNAs are also transcribed from the mammalian genome (Kapranov et al.,
2007a; Kapranov et al., 2007b). Many of these more complex RNAs are developmentally
regulated, exquisitely environmentally responsive, alternately spliced, show unusual
abundance within the nervous system and are rapidly evolving even within the primate and the
human lineages (Inagaki et al., 2005; Kapranov et al., 2007b; Pang et al., 2006; Ravasi et al.,
2006). Within these longer ncRNAs, a subset has been designated as macroRNAs or long
expressed non-coding regions (ENORs), with some ENOR loci producing multiple
macroRNAs all enriched in brain (Furuno et al., 2006; Mehler and Mattick, 2007). Frequently,
these genomic loci exhibit evidence of antisense transcription, genomic imprinting, Xchromosome inactivation and represent host sites for miRNAs and snoRNAs (Mehler and
Mattick, 2007). Several classes of longer ncRNAs are implicated in the development of axonal
and dendritic connections, in neuronal nucleocytoplasmic bidirectional RNA transport and
local targeting and in promoting immediate as well as delayed local protein synthesis and
additional synaptic modulatory functions associated with neural network plasticity and longterm adjustments to synaptic strength (Mehler and Mattick, 2007). In association with diverse
RBPs, including the fragile X mental retardation protein (FMRP), longer ncRNAs participate
in the generation of late phases of long-term plasticity (LTP) underlying memory consolidation,
including the linked processes of “synaptic tagging and cross-tagging” and additional
properties essential for precise information transmission and modifications (Dahm et al.,
2007; Mehler and Mattick, 2007; Reymann and Frey, 2007). Synaptic tagging marks synapses
destined to undergo plastic changes associated with transcriptional modulation, whereas
synaptic cross-tagging helps to facilitate enhanced synaptic plasticity of linked synaptic inputs
(Reymann and Frey, 2007). RNA-mediated processes may also be involved in regulating prionlike switching associated with specific forms of synaptic plasticity, and deregulation of these
processes may predispose to certain types of neurodegenerative diseases including the
spongiform encephalopathies (Darnell, 2003; Mehler and Mattick, 2007; Si et al., 2003a; Si et
al., 2003b). In addition, SWI/SNF-like ATP chromatin remodeling subunits have the potential
to acquire prion-like properties and may exhibit novel “protein-only” inheritance patterns
associated with modifications in chromatin remodeling and global gene regulation (Du et al.,
2008). Moreover, mutations resulting in expansion of oligopeptide repeats contained within
prion proteins are also linked to inherited prion disease states through enhanced conformational
versatility, the generation of a series of aggregation intermediates and enhanced prion
conversion (Tank et al., 2007).
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A large proportion of mammalian protein-coding genes have associated (“cis-acting”)
antisense transcripts that differentially regulate their expression and function, and these
additional classes of longer RNAs are also particularly abundant in the nervous system where
they mediate all aspects of brain patterning, stem cell maintenance and maturation,
neurogenesis and gliogenesis, neural stress responses as well as mature neuronal homeostasis
and plasticity (Katayama et al., 2005; Korneev and O’Shea, 2005; Mehler and Mattick,
2007). Disruption of these cis-acting antisense transcripts has been implicated in a broad array
of neurodevelopmental, neurodegenerative as well as neuropsychiatric diseases (Mehler and
Mattick, 2007). There is also an increasing appreciation of the roles of long distance (“transacting”) antisense RNAs, produced during evolution by gene duplication coupled to DNA
inversion, in normal neurological processes as well as in the specific disease states (Korneev
and O’Shea, 2002; Mehler and Mattick, 2007). Other gene silencing pathways, in addition to
miRNAs, piRNAs and natural antisense RNAs (Chapman and Carrington, 2007), include
newly discovered variants of the latter antisense transcripts termed endogenous small
interfering RNAs (endo-siRNAs) that can be generated both directly and through doubleProg Neurobiol. Author manuscript; available in PMC 2009 December 11.
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stranded RNA intermediates from a subset of pseudogenes (derivatives of parent genes with
altered structure and function), and a second class of endo-siRNAs that can further enforce
repression of mobile parasitic repetitive elements in concert with piRNAs (Tam et al., 2008;
Watanabe et al., 2008).
Human accelerated regions (HARs) within the genome, which exhibit high degrees of
mammalian conservation but accelerated evolution since divergence from our common
ancestor with chimpanzees, have recently been identified outside of protein-coding sequences,
with a significant subset located adjacent to key neurodevelopmental genes (Pollard et al.,
2006).
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Interestingly, the most rapidly evolving of these loci, HAR1 is a component of the initial exon
of a large spliced ncRNA (HARF1) that is expressed in Cajal-Retzius neurons of the developing
neocortex (Pollard et al., 2006). HARF1 appears to be co-expressed with reelin, a factor
important for cortical neuroblast migration and maturation and the elaboration of the proper
laminar organization of the human neocortex (Pollard et al., 2006). Moreover, an alternately
spliced brain transcript, HAR1Ra contains the HAR1 region in its first exon and exhibits
dynamic spatiotemporal expression patterns, suggesting later developmental roles associated
with the down regulation of HARF1 by antisense-directed gene repression (Pollard et al.,
2006). Further, reelin exhibits enhanced expression during primate evolution and also
undergoes RNA editing (Levanon et al., 2004; Molnar et al., 2006). Deregulation of the reelin
locus by multiple epigenetic mechanisms has been implicated in the etiology of complex
neuropsychiatric diseases including schizophrenia (Tamura et al., 2007).

4. RNA and DNA editing of the transcriptome, the proteome and the genome
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Through the mediation of dynamic and reversible base recoding, two subclasses of RNA editing
enzymes can differentially modulate the levels of expression as well as the functional properties
of a broad array of protein-coding genes as well as ncRNAs (Amariglio and Rechavi, 2007;
Bass, 2002; Kawahara and Nishikura, 2006). A dramatic increase in RNA editing has occurred
during mammalian evolution, with the hominid lineage and particularly the human brain
exhibiting the highest levels and the most complex forms of adenosine to inosine (A-I) RNA
editing mediated by adenosine deaminases acting on RNAs (ADARs) (Bass, 2002; Valente
and Nishikura, 2005). Three ADAR enzymes exist in mammals with ADAR3 restricted to the
nervous system and ADAR1 and ADAR2 preferentially expressed in brain (Bass, 2002; Chen
et al., 2000). RNA editing enzymes display intricate and changing profiles of regional and
temporal expression and subcellular localization during neural development, and complex
modulation by behavioral state, environmental cues, genetic background and by feedback
regulation and cellular signaling pathways (Mattick and Mehler, 2008; Mehler and Mattick,
2007). ADARs can undergo complex forms of alternate splicing, homo- and hetero-dimer
formation, differential binding to diverse RNA species and can participate in dynamic profiles
of multi-site editing of individual RNAs with diverse functional consequences (Mattick and
Mehler, 2008; Mehler and Mattick, 2007). A different form of regulatory control is exerted by
adenosine deaminases acting on tRNAs (ADAT1-3). ADATs function to modify codon
recognition in the process of mRNA decoding, and thereby enhance the fidelity and efficiency
by which tRNAs participate in the generation of protein diversity within the developing and
adult nervous systems (Valente and Nishikura, 2005). RNA editing was initially thought to
orchestrate higher order nervous system functions by selectively editing and changing the
biophysical properties of selective protein-coding genes that modulate fast neurotransmission
and multiple stages of presynaptic vesicle release through fine-tuning of the signaling
properties of neurons within activated neural networks (Amariglio and Rechavi, 2007; Bass,
2002; Valente and Nishikura, 2005). More recently, however, a greatly expanded repertoire of
RNA editing events has been identified (Mattick and Mehler, 2008). For example, RNA editing
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can alter the biogenesis, mature molecular properties and the target specificities of miRNAs
(Gao, 2008; Kosik, 2006; Mattick and Mehler, 2008). Moreover, RNA editing can modify an
immense array of additional gene products, including those derived from mRNAs as well as
non-coding sequences expressed in the nervous system (Mattick and Mehler, 2008; Mehler
and Mattick, 2007; St Laurent and Wahlestedt, 2007). These edited gene products play a wide
variety of neurodevelopmental and adult regulatory roles in promoting neural homeostasis and
plasticity, including complex epigenetic modulation of learning and memory (Mattick and
Mehler, 2008). In the context of RNA regulatory pathways, RNA editing can also alter the
choice and location of splicing sites, modulate snoRNA precursors, antisense RNAs, RBPs,
genomic imprinting and X-chromosome inactivation, and impart additional dynamic changes
to overall chromatin architecture (Mattick and Mehler, 2008; Mehler and Mattick, 2007). A
series of animal models have demonstrated that RNA editing is essential for orchestrating the
complex cognitive and behavioral output of the developing and mature nervous system, and
deregulation of ADAR activities through hypo- or hyper-editing of RNAs is associated with a
spectrum of neurodevelopmental, neurodegenerative and neuropsychiatric diseases as well as
brain cancers (Jepson and Reenan, 2007; Mehler and Mattick, 2007; Tonkin et al., 2002;
Valente and Nishikura, 2005; Wang et al., 2004).
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A separate class of editing enzymes is represented by the cytidine deaminases, termed the
“apolipoprotein B editing catalytic subunit” (APOBEC) family, which can recode both RNA
and DNA by changing cytidine and deoxycytidine to uridine and deoxyuridine, respectively
(Navaratnam and Sarwar, 2006). There are four mouse enzymes (APOBEC-1, -2, CEM15 and
activation-induced cytidine deaminase [AID]), whereas in humans the CEM15/APOBEC-3
family has been expanded to encompass seven members including APOBEC-3G, which is
expressed in post-mitotic neurons and exhibits positive evolutionary selection (Mattick and
Mehler, 2008; Navaratnam and Sarwar, 2006; Sabeti et al., 2006; Sawyer et al., 2004).
APOBEC enzymes have diverse DNA, RNA and transcription-associated targets, complex
profiles of subcellular localization, nucleocytoplasmic shuttling, regulation by alternate
splicing, post-translational modifications, interactions with RNA regulatory factors, co-factors,
chaperones, RBPs and higher-order molecular complexes and dynamic profiles of modulation
by numerous metabolites and environmental states. APOBEC enzymes interact with many
RBPs and regulate synaptic function by modulating the decay of miRNA-targeted mRNAs in
synapse-associated processing bodies and stress granules and by preventing the inhibition of
local protein synthesis by miRNAs (Mattick and Mehler, 2008; Navaratnam and Sarwar,
2006). APOBEC-mediated editing is essential for restricting the migration of diverse
transposable repetitive elements in the genome, thereby preserving genomic integrity, for
enhancing anti-retroviral activity, and for promoting targeted recombination, somatic
hypermutation and gene conversion events, particularly in the immune system, in conjunction
with AID to enhance molecular diversity, plasticity and host defense functions (Huang et al.,
2007b; Mattick and Mehler, 2008; Mehler and Mattick, 2007; Muckenfuss et al., 2006;
Navaratnam and Sarwar, 2006). Deregulation of APOBEC enzyme function is associated with
a spectrum of neurological diseases including conditions in which cognitive function is
significantly compromised (Mattick and Mehler, 2008).
There is accumulating evidence that ADAR- and APOBEC-mediated editing and recoding
functions are functionally linked, in part, though the actions of specific classes of DNA repair
enzymes, particularly the Y-family of DNA polymerases that possess reverse transcriptase
activity (Franklin et al., 2004; Steele et al., 2006; Yavuz et al., 2002). In the nervous system,
this mechanism may allow transient but salient environmentally-mediated “short-term”
memory or cognitive traces encoded via synapse-associated RNA editing of specific transcripts
to be trafficked in a retrograde fashion back to the nucleus and more permanently stored and
further processed and manipulated as “long-term” memory traces by direct DNA recoding of
the neuronal genome (Mattick and Mehler, 2008; Mehler and Mattick, 2007). These RNAProg Neurobiol. Author manuscript; available in PMC 2009 December 11.
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directed DNA modification events may be mediated by several molecular mechanisms that are
active in the nervous system, including DNA repair enzyme-linked reverse transcriptases,
adaptation of long interspersed nuclear element-1 (LINE-1) repetitive element-encoded reverse
transcriptases in association with different short interspersed nuclear elements (SINE)
repetitive elements (Alu sequences) and programmed genomic rearrangements including RNAdirected DNA recombination events (Dewannieux et al., 2003; Garcia-Perez et al., 2007;
Mattick and Mehler, 2008; Storici et al., 2007; Nowacki et al., 2008). Interestingly, a subset
of the enzymes involved in promoting RNA-directed DNA modifications are themselves edited
suggesting an additional layer of contextual control (Mattick and Mehler, 2008). Moreover,
more than 90% of A-I RNA editing targets specific profiles of Alu elements, which have
undergone massive expansion in the hominid lineage to now comprise greater than 10 % of
the human genome (Jepson and Reenan, 2007; Mehler and Mattick, 2007), suggesting their
evolutionary co-adaptation as modular substrates for RNA editing driven by selection for
complex higher-order cognitive processes and adaptations (Mattick and Mehler, 2008). Alu
elements exert profound effects on all levels of modulation of gene form and function through
actions on gene-environmental interactions, homeostasis, plasticity, stress responses, ontogeny
as well as disease susceptibility (Hasler and Strub, 2006; Jurka, 2004; Muotri et al., 2007).
These intriguing observations suggest that dynamic editing of the genome, the transcriptome
and the proteome occurs at diverse neuroanatomical loci representing different types of
memory and cognitive processes, during progressive phases of memory trace formation and
modification as well as within different levels of nervous system organization from synaptic
and axodendritic microdomains to adaptable neural network connections (Mattick and Mehler,
2008; Mehler and Mattick, 2007). The mapping of environmental stimuli onto synapses by
editing of RNA transcripts, their retrograde intraneuronal trafficking and their informational
transformation into corresponding nuclear DNA recoding events distributed in neuronal
genomes within relevant neural networks followed by corresponding synapse-associated and
locally translated mRNAs and linked ncRNA effector molecules allows the progressive
evolution of informational signals from a stimulus-based feature and contextual code to a more
abstract, flexible and reversible storage and retrieval code capable of organizing and
elaborating appropriate behavioral responses (Mattick and Mehler, 2008). This represents a
paradigm for defining epigenetically mediated learning and memory and higher-order
cognitive processing in the human brain in health and disease, with major implications for the
development of novel classes of pharmacoepigenomic agents for remediation of
neurodevelopmental, neurodegenerative and neuropsychiatric diseases.

5. The functional architecture of the emerging genomic and epigenomic
landscape
NIH-PA Author Manuscript

The new genomic landscape is characterized by the presence of numerous regulatory regions
and epigenetic effectors that are located well beyond canonical 5’ promoter/enhancer regions
of genes and employ a seemingly endless spectrum of molecular mechanisms to orchestrate
graded gene expression and function in unique ways (Bejerano et al., 2006; Kapranov et al.,
2007a; Kapranov et al., 2007b; Misteli, 2007; Schneider and Grosschedl, 2007). In fact, much
of the genome is comprised of complex regulatory elements that give rise to multifunctional
ncRNA transcripts (Kapranov et al., 2007a). These widely-distributed ncRNA transcripts
frequently exhibit alternate splicing with extensive overlap of transcriptional units including
a large proportion antisense to both protein-coding as well as ncRNA transcripts, those
bidirectional in association with protein-coding transcripts and possessing common regulatory
elements allowing concordant or discordant gene expression and additional transcripts
contained within the body (introns or exons) of other genes and exhibiting coordinate
expression and complex functional modulation (Kapranov et al., 2007a; Kapranov et al.,
2007b; Munroe and Zhu, 2006). This nested, overlapping and interleaved profile of human
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gene organization allows precise maintenance of gene identity through the use of intricate
modulation of transcription, alternate splicing and maintenance of 3’ gene end-formation, while
allowing exceptional plasticity as well as molecular diversity in the elaboration of interlacing
transcripts (Frith et al., 2007; Kapranov et al., 2007b). There is also evidence of extensive longrange interconnected transcriptional regulation with the presence of alternate regulatory
elements extending as far as 1 megabase upstream or downstream of the transcriptional start
site or within intronic regions or exons of specific genes including sophisticated enhancers,
locus control regions (LCRs), repressors/silencers, imprinting control centers (ICCs) and
insulators (Kleinjan and van Heyningen, 2005; Ling and Hoffman, 2007; Misteli, 2007;
Savarese and Grosschedl, 2006; Schneider and Grosschedl, 2007). Additional genes are
frequently arrayed between these regulatory regions and their target genes, and this genomic
architecture allows for novel modulation of gene function, including splicing between different
RNA species (“trans-splicing”) and for the joining of multiple exons from separate proteincoding and non-coding genes (“gene fusion”) (Kleinjan and van Heyningen, 2005; Mattick,
2007; Misteli, 2007; Savarese and Grosschedl, 2006; Schneider and Grosschedl, 2007). Longrange transcriptional activity can itself function as a localized or more genome-wide regulatory
process by resetting and remodeling of the chromatin code (Ahmed and Brickner, 2007; Berger,
2007; Kleinjan and van Heyningen, 2005). Bidirectional promoters can simultaneously
regulate gene expression profiles from both DNA strands, enhancers and LCRs can augment
promoter activities by expediting the looping of intervening DNA, an enhancer associated with
one allele can activate the promoter of a second allele (“transvection”) and single enhancer
elements can differentially interact with complementary promoter elements on different
chromosomes to orchestrate the precise temporospatial patterns of expression of members of
a related gene family in response to specific environmental cues (Fraser and Bickmore,
2007; Kapranov et al., 2007b; Misteli, 2007; Savarese and Grosschedl, 2006; Schneider and
Grosschedl, 2007). This complex genomic architecture offers a rich substrate for the generation
of multiple classes of longer ncRNAs that have diverse regulatory roles, serve as precursors
for short ncRNAs, including miRNAs and snoRNAs, and function in concert with other intronic
RNAs co-regulated with their parent genes (Gingeras, 2007; Kapranov et al., 2007a). All of
these interrelated molecular species represent unique modes of global, trans-acting RNA
signals to orchestrate genome-wide gene expression profiles and functional outputs in concert
with localized, cis-acting RNAs (cis-antisense RNAs) and with additional regulatory output
represented by dynamic higher order DNA-RNA, RNA-RNA and both DNA- and RNA-based
protein interactions (Herbert, 2004; Misteli, 2007; Placido et al., 2007; Schneider and
Grosschedl, 2007; St Laurent and Wahlestedt, 2007). Many of our emerging insights
concerning modern genomic architecture have come directly from the observations of the
ENCODE project consortium, including the presence of robust transcription and dispersed
regulation throughout the genome and on both DNA strands, large numbers of unannotated
transcription start sites, high degrees of alternative splicing, complex regulatory regions and
elements often actively transcribed, graded and interlaced genic and intergenic boundaries,
multiple classes of ncRNAs, intricate and fine-grained gene evolutionary constraints and
changing concepts of “neutral evolution” as well as large components of the genome
representing rapidly evolving DNA and RNA species (Birney et al., 2007; Gerstein et al.,
2007; Pheasant and Mattick, 2007; Weinstock, 2007).
It is increasingly apparent that intricate and nuanced DNA/RNA/protein interactions depend
upon complex three-dimensional interactions of the genome with components of the nuclear
architecture and with novel forms of self-organization mediated by probabilistic (“stochastic”)
events associated with proximity of evolving molecular complexes to regulatory factors (Fraser
and Bickmore, 2007; Misteli, 2007; Schneider and Grosschedl, 2007). These genomic and
nuclear processes often involve the creation and evolution of functional nuclear
microenvironments through long-range regulatory interactions between disparate DNA
elements and associated epigenetic processes that orchestrate DNA accessibility and higherProg Neurobiol. Author manuscript; available in PMC 2009 December 11.
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order structural modifications that facilitate intimate intra- and inter-chromosomal interactions
(Fraser and Bickmore, 2007; Misteli, 2007; Schneider and Grosschedl, 2007). In areas of the
nuclear periphery associated with nuclear pore complexes (NPCs), genes from widely
disseminated genomic loci are actively recruited to form transcription “factories” that are
maintained for different classes of genes by LCR elements and by specific histone
modifications that promote active transcription as well as heritable transcriptional epigenetic
memory through the actions of variant histones such as H2A.Z and the requisite preservation
of boundary elements separating euchromatic from heterochromatic regions (Brickner et al.,
2007; Dryhurst et al., 2004; Fraser and Bickmore, 2007; Misteli, 2007; Sarcinella et al.,
2007). The presence of active transcriptional synergies and epigenetic memory mechanisms
in association with NPCs ensures the functional integration of transcriptional and posttranscriptional processing and associated RNA quality control, nuclear export,
nucleocytoplasmic shuttling and associated epigenetic reprogramming events (Ahmed and
Brickner, 2007; Akhtar and Gasser, 2007; Fraser and Bickmore, 2007; Isken and Maquat,
2007; Schneider and Grosschedl, 2007). By contrast, components of the nuclear lamina tether
genes and functional gene networks to areas of the nuclear periphery in association with lamin
and silent information regulators (“Sir” or sirtuin) proteins that interact with more global
transcriptional repressor networks including those associated with heterochromatin and
telomeric foci, respectively (Ahmed and Brickner, 2007; Akhtar and Gasser, 2007). These
integrated epigenetic regulatory mechanisms have profound implications for the development
of novel neurological therapeutic agents, particularly in the area of neurodegenerative diseases.
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Changes in chromatin structure play an essential role in chromosome repositioning that is
frequently cell cycle dependent and promote extensive intermingling of chromosome territories
through decondensation and “looping out” of DNA regions to facilitate inter-chromosomal
interactions including clustering of common gene regulatory elements (Kleinjan and van
Heyningen, 2005; Ling and Hoffman, 2007; Misteli, 2007; Schneider and Grosschedl, 2007).
“Homologous” inter-chromosomal interactions are facilitated through extensive cross-talk and
include allelic pairing to support the functions of one of the two chromosome gene copies via
transvection and X-chromosome inactivation through the mediation of X-chromosome
inactivation centers (Xic), the designation of active and inactive chromatin states and the
targeting of the inactive X (Xi) to perinucleolar regions (Schneider and Grosschedl, 2007). By
contrast, “non-homologous” inter-chromosomal interactions utilize special protein factors to
allow genes from multiple chromosomes but with common functions, such as ribosomal genes,
to come together within specialized nuclear microdomains (the nucleolus) by promoting
extensive DNA folding into inter-chromosomal loops (Grummt, 2007; Schneider and
Grosschedl, 2007). The establishment, maintenance, heritability and dynamic crosstalk
associated with these diverse forms of inter-chromosomal interactions are orchestrated by
multiple layers of epigenetic regulatory controls involving DNA methylation, chromatin
remodeling, multiple classes of ncRNAs as well as RNA editing (Grummt, 2007; Schneider
and Grosschedl, 2007). Moreover, these innovations in genomic as well as nuclear architecture
are further modulated by transposable repetitive elements that account for almost half of the
DNA sequences of the entire human genome (Kim et al., 2006a; Mills et al., 2007; Slotkin and
Martienssen, 2007). Although only a small subset (Alu, LINE-1, SVA including human
endogenous retrovirus K [HERV-K]) of these repetitive elements remain active and mobile in
the human genome, these and other more ancient repetitive elements can produce genetic
diversity and functional innovations as well as cause numerous neurological diseases when
deregulated by duplication, migration and integration into specific genetic loci or by facilitating
chromosome rearrangements (Hasler and Strub, 2006; Jurka, 2004; Kim et al., 2006a; Mills et
al., 2007; Muotri et al., 2007; Slotkin and Martienssen, 2007). Complex interactions occur
between active transposable elements including “autonomous” (LINE-1) and “nonautonomous” (Alu, SVA) mobilization mediated through LINE-1-encoded proteins that can
activate numerous and varied active and sometimes more ancient silenced repetitive elements
Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.
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(Muotri et al., 2007). Through the complex modulation of an intricate and multifunctional
spectrum of epigenetic regulators, transposable elements contribute to the structural and
functional properties associated with centromeres, telomeres, insulators, promoters, enhancers,
intron-exon boundaries, genomic imprinting and X-chromosome inactivation, transcription,
alternate splicing, polyadenylation, RNA editing, translation, epialleles (heritable but
reversible epigenetic changes in allelic gene expression), allelic interactions resulting in
heritable changes to one allele (“paramutation”) as well as extensive exaption (evolutionary
or acquired gain of regulatory functions) including exonization (Cam et al., 2008; Hasler and
Strub, 2006; Jurka, 2004; Kim et al., 2006a; Mills et al., 2007; Muotri et al., 2007; Piriyapongsa
et al., 2007; Slotkin and Martienssen, 2007). Interestingly, neural fate decisions may be
orchestrated, in part, by LINE-1-mediated retrotransposition due to a potential insertional
preference for neural developmental genes (Muotri et al., 2007).

6. The advent of RNA regulatory networks for higher-order nervous system
functions
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The adaptation of increasingly sophisticated RNA regulatory circuits for promoting
evolutionary innovations in human brain form and function may have arisen because of several
unique properties of regulatory RNAs (Amaral et al., 2008; Ciesla, 2006; Felden, 2007; Keene,
2007; Ladurner, 2006; Nowacki et al., 2008; Serganov and Patel, 2007). RNA couples
sequence-specific (digital) and conformational (analogue) information within the same
molecule, lowers the bioenergetic costs of information processing, participates in accelerated
and largely unconstrained evolutionary innovations, serves as sensitive and rapidly reversible
biosensors of both environmental as well as interoceptive cues, and can readily adapt to
intricate, multilayered and challenging environmental conditions (St Laurent and Wahlestedt,
2007). These unique molecular features of RNAs allow them to promote complex DNA/RNA/
protein interactions and dynamic crosstalk between traditional protein-based signal
transduction cascades and the more malleable properties of the genomic architecture,
particularly with the advent of RBPs to enhance the temporal and spatial modulation of gene
expression and function (Keene, 2007; St Laurent and Wahlestedt, 2007). Brain has always
been a conspicuous consumer of energy resources, and the ability of RNAs to function as
molecular adaptors by their ability to assume an almost infinite variety of analogue shapes at
a fraction of the bioenergetic costs of the more limited conformational repertoire of proteins
has resulted in a partial solution to the bioenergetic crisis occurring during higher eukaryotic
nervous system evolution, while at the same time establishing a sophisticated molecular
interface mediating gene-environmental interactions during neural development and adult
neuronal homeostasis and neural network plasticity (St Laurent and Wahlestedt, 2007). By the
nature of its conformational versatility, specific RNAs can rapidly evolve into novel functional
roles because these molecular species are not constrained by the elaborate protein signaling
apparatus they have co-opted to integrate massive amounts of relevant digital information as
well as a spectrum of subtle and complex environmental cues and endogenous homeostatic
signals in their complementary role as unique biosensors and as “riboswitches” (Ciesla,
2006; Ladurner, 2006; Serganov and Patel, 2007; St Laurent and Wahlestedt, 2007).
Within the nervous system, RNAs also participate in elaborate activity-dependent temporal
and spatial modulation of gene and integrated gene network expression and function through
the dynamic repression, activation and sequestration of diverse RNAs during bidirectional
axodendritic transport in association with RBPs contained within neuronal granules and at
synaptic terminals through the presence of unique analogue-mediated digital reservoirs
represented by processing bodies and stress granules (Ashraf and Kunes, 2006; Bramham and
Wells, 2007; Dahm et al., 2007; Eulalio et al., 2007; Keene, 2007; St Laurent and Wahlestedt,
2007). These “RNA operons” are composed of trans-acting factors such as numerous RBPs,
additional RNA interactors (argonaute proteins), ncRNAs and associated RNA biogenesis and
Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 15

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

feedback pathway components and regulatory metabolites that interact with multiple digital
regulatory elements particularly 3’ UTRs in mRNAs. Therefore, these RNA operons can adopt
complex combinatorial and coordinate signaling outcomes by differentially modulating the
expression and functional status of individual molecular components (Keene, 2007; Vasudevan
et al., 2007). The use of several interrelated RNA operons to dynamically modulate the
informational content at multiple levels of the gene regulatory hierarchy through the mediation
of localized and distributed gene expression and copy number results in the elaboration of
dynamic and interchangeable higher-order “RNA regulons” to help orchestrate sophisticated
epigenetic memory states established at different levels of the neuraxis (Keene, 2007; Mattick
and Mehler, 2008). These finely tuned neural processes can be further modulated by the
processes of RNA editing and DNA recoding (Mattick and Mehler, 2008). Moreover,
accumulating evidence suggests that additional embedded information, contained in
sophisticated analogue and/or digital form, including DNA and RNA stereoisomers, introns
and linked intergenic regions and through codon degeneracy, can furnish a wealth of additional
regulatory information to promote dynamic higher-order cognitive processing states (Felden,
2007; Herbert, 2004; Jepson and Reenan, 2007; Kapranov et al., 2007b; Keene, 2007; LevMaor et al., 2007; Mattick and Mehler, 2008; Mehler and Mattick, 2007; St Laurent and
Wahlestedt, 2007). Further, ncRNAs have been implicated in orchestrating intricate regulatory
processes at every level of gene expression and function including chromatin architecture and
epigenetic memory, transcription, post-transcriptional processing, translation and also transneuronal as well as intercellular RNA transport and signaling (Amaral et al., 2008; Dinger et
al., 2008). Interestingly, nervous system-specific genes exhibit structurally unique introns and
UTRs with the rapid evolution of non-coding RNA regions between evolutionary neutrality
and positive selection (Mattick, 2007; Pang et al., 2006; Pheasant and Mattick, 2007; Taft et
al., 2007). Recent studies have begun to uncover a previously hidden world of RNA trafficking
between adjacent cells, to more distal cells within the same tissue and organ system, within
the systemic circulation and even through specific pathways for transmission of somatic RNAs
back to the germline to participate in alternate forms of accelerated evolution and
multigenerational inheritance of complex cognitive and behavioral traits (Dinger et al., 2008;
Mattick and Mehler, 2008; Valadi et al., 2007). These RNA intercellular pathways have great
potential relevance for nervous system function and appear to participate in complex regulated
transport of diverse RNA species through multiple signaling mechanisms that preserve the
integrity of the cargo and the associated informational traces and their ability to undergo
directed propagation and signal transformation and evolution (Dinger et al., 2008; Mattick and
Mehler, 2008; Valadi et al., 2007). The prospects for elucidating the intricate molecular and
cellular mechanisms orchestrating different forms of activity-dependent trans-neuronal RNA
signaling have major implications for our understanding of synaptic plasticity, neural network
functioning through oscillatory synchrony, cognitive adaptations during human brain
evolution, environmental epigenetics, the pathogenesis of complex neuropsychiatric diseases
as well as for dynamic epigenetic reprogramming and the development of novel
pharmacoepigenomic agents.

7. Epigenetic principles governing neural stem cell fate decisions and cellular
differentiation
Recent studies suggest that the epigenetic regulation of stem cell maintenance and cell fate
decisions are complex and multifaceted, involving the transition from global transcriptional
hyperactivity of coding and non-coding regions to progressive large scale gene silencing
mediated by elevated levels of chromatin remodeling factors, altered binding of chromatin
proteins and unique histone modification profiles without overall changes in histone-modifying
activities (Efroni et al., 2008). Moreover, epigenetic priming of stem cell lineage restriction
and fate specification is orchestrated by clonal heterogeneity of gene expression profiles
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reflecting the presence of a series of metastable states characterized by distinct slowly
fluctuating global transcriptional profiles required to produce unique cell identities through
probabilistic (stochastic) mechanisms (Chang et al., 2008). The epigenetic remodeling factor,
Bmi1 promotes neural stem cell maintenance by enhancing self-renewal and by preventing
mitogen-activated protein kinase (MAPK)-mediated G1 cell cycle progression from creating
a susceptible window during the late G1 phase for several alternate cell fate processes including
cellular differentiation, apoptosis, cell transformation, telomere attrition and induction of
senescence (Orford and Scadden, 2008; Shi et al., 2007b). When signals from the stem cell
niche activate Bmi1, this PcG factor then collaborates with pluripotency genes to keep neural
differentiation genes in a repressed but “poised” state, in part, through the elaboration of a
“bivalent” chromatin signature at targeted promoter sites comprised of selective dual activator
and repressor histone post-translational modifications (Orford and Scadden, 2008; Shi et al.,
2007b; Spivakov and Fisher, 2007). Bmi1 also actively prevents certain late G1 cell fates,
including inhibition of cellular senescence, by repressing the cyclin dependent kinase
inhibitors, p16INK4A and p19ARF (Orford and Scadden, 2008; Shi et al., 2007b)). Neural stem
cell self-renewal is also mediated by a spectrum of additional epigenetic modifiers including
histone deacetylaces (HDACs), miRNAs, RBPs (pumilio) and other histone-modifying
enzymes (Cheng et al., 2005; Hsieh and Gage, 2004; Kondo, 2006; Orford and Scadden,
2008; Shi et al., 2007b). The complexity of the stem cell ground state has been demonstrated
by the sophistication of the circuitry employed to orchestrate stem cell maintenance and
progressive neural fate decisions including the utilization of multiple neurotransmitter
signaling pathways in concert with epigenetic regulators (Diamandis et al., 2007). For example,
through the mediation of gamma-amino butyric acid (GABA)A receptor (GABAAR) signaling,
the variant histone, H2AX regulates neural stem cell proliferation independent of late G1 fate
decisions, imparting a degree of plasticity to essential stem cell processes during development,
adult homeostasis, aging and in response to injury or disease-associated processes (Andang et
al., 2008; Orford and Scadden, 2008). Moreover, progressive stem cell lineage restriction and
maturation involve the dynamic interplay between PcG factors, MAPK signaling pathways
and parallel linked regulatory cascades encompassing tumor suppressor genes, metabolitesensitive transcription factors and reactive oxygen species, all under exquisite epigenetic
regulation (Orford and Scadden, 2008).
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Neural stem cell lineage restriction, neuronal differentiation and synaptogenesis are
orchestrated, in large part, by the neuron-restrictive silencing factor/ RE-1 silencing
transcription factor, NRSF/REST, which is a dynamic modular scaffold for the epigenetic
supercomplexes that are required for the environmentally-responsive transition from the
undifferentiated stem cell state through the stages of neuronal and glial subtype specification,
maturation and maintenance (Ballas and Mandel, 2005; Ooi and Wood, 2007; Otto et al.,
2007; Singh et al., 2008). REST promotes context-dependent gene repression, gene activation
and long-term gene silencing by binding to diverse RE-1 consequence sequences at multiple
upstream, downstream and intragenic (intronic) genomic regulatory sites associated with
numerous protein-coding genes as well as ncRNAs (Ballas and Mandel, 2005; Ooi and Wood,
2007). Upon DNA binding, REST recruits specific epigenetic and associated transcriptional
regulatory factors to both N- and C-terminal REST modular domains, participates in alternate
splicing to create several REST isoforms with activator or repressor functions, interacts directly
with the machinery of gene activation and accompanying dynamic chromatin remodeling,
undergoes chaperone-mediated REST nuclear importation and also interacts with and forms
complex regulatory loops with diverse classes of ncRNAs (Ballas and Mandel, 2005; Ooi and
Wood, 2007). A unique double-stranded neuron-restrictive silencing element (dsNRSE) RNA
converts REST from a transcriptional repressor in non-neuronal cells to a transcriptional
activator during progressive neuronal subtype specification and differentiation (Kuwabara et
al., 2004). In addition, through complex feedforward and feedback regulation, diverse miRNA
species collaborate with REST to fine-tune the processes of neuronal subtype specification,
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maturation and neural network integration (Hobert, 2006; Visvanathan et al., 2007; Wu and
Xie, 2006). REST recruits DNMTs, MBDs, multiple classes of histone-modifying and
chromatin remodeling enzymes, heterochromatin proteins, transcription factors, cell cycle
regulators, co-regulators (CoREST) and ubiquitin proteasome degradation co-factors that
allow dynamic shifts in RE1 gene site occupancy, REST expression profiles and the orderly,
interdependent and stepwise modification of DNA, histones, nucleosomes, higher-order
chromatin codes and associated cellular processes (Ballas and Mandel, 2005; Guardavaccaro
et al., 2008; Ooi and Wood, 2007). These intricate, multilayered epigenetic regulatory
processes allow REST to orchestrate the precise temporal, spatial and quantitative regulation
of gene expression across integrated gene networks involved in promoting stem cell selfrenewal and pluripotency and in sculpting neural cell identity, maturation, connectivity as well
as activity-dependent plasticity (Ballas and Mandel, 2005; Ooi and Wood, 2007; Singh et al.,
2008).
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Neural lineage commitment involves a number of epigenetic mechanisms including but not
limited to DNA methylation, histone modification, chromatin remodeling, ncRNA expression
and RNA editing (Cheng et al., 2005; Feng et al., 2007; Hsieh and Gage, 2004; Kondo,
2006; Lessard et al., 2007; Miller and Gauthier, 2007; Muotri and Gage, 2006; Shi et al.,
2007b; Williams et al., 2006). Neurogenic and gliogenic growth factors and cytokines promote
neural lineage specification and maturation by large-scale reorganization of appropriate gene
promoters through dynamic and complex modulation of DNMTs, MBDs, and histonemodifying and chromatin remodeling enzymes (Feng et al., 2007; Kondo, 2006; Lessard et al.,
2007; Miller and Gauthier, 2007; Williams et al., 2006). In contrast, nuclear co-repressor
complexes maintain the neural stem cell state by repression of the expression of direct targets
of neuronal differentiation factors, thereby preventing the recruitment of histone-modifying
enzymes that activate neurogenic gene expression (Jepsen et al., 2007; Miller and Gauthier,
2007; Rosenfeld et al., 2006). Neurogenic differentiation programs promote the derepression
of neurogenic genes by removing repressive histone marks initially added by PcG proteins and
their associated histone-modifying enzymes through the actions of alternate histone-modifying
enzymes and also by passive loss of these repressive marks (Jepsen et al., 2007; Rampalli et
al., 2007). Differential MAPK pathway engagement can recruit different DNMTs and distinct
classes of “activating” histone-modifying enzymes, including cAMP response element binding
protein [CREB] binding protein (CBP)/p300, and can target TrxG-mediated epigenetic changes
at neural promoters to reinforce and sustain profiles of gene activation favoring neurogenesis
or gliogenesis (Miller and Gauthier, 2007; Rampalli et al., 2007; Taniura et al., 2007). Latent
transcription factors can selectively sequester CBP/p300 into macromolecular complexes that
act as dynamic hubs to sequentially promote neurogenesis and later gliogenesis by successively
binding to and activating neurogenic and later gliogenic gene promoters (Miller and Gauthier,
2007). Changes in the subunit composition of specific ATP-dependent chromatin remodeling
complexes are required to promote dynamic chromatin reorganization and thus to allow distinct
neurogenic and gliogenic signals to target neural transcription factors involved in neural lineage
subtype specification and maturation (Lessard et al., 2007). These neural factors directly recruit
diverse classes of histone-modifying enzymes and ATP-dependent chromatin remodeling
factors, modulate the actions of latent transcription factors and activate different components
of the MAPK signaling pathway in a context-specific manner (Briscoe and Novitch, 2007;
Lessard et al., 2007; Miller and Gauthier, 2007; Rampalli et al., 2007; Taniura et al., 2007).
The timely orchestration of specific neuronal and glial fate decisions, subtype specification
and subsequent maturational processes including myelination also involves the differential and
successive actions of specific histone-modifying enzymes, particularly those involved in
histone acetylation and deacetylation (Shen and Casaccia-Bonnefil, 2007). Moreover, neuronal
differentiation involves dynamic changes in HP1 isoforms required to promote the long-term
silencing of repressed cell cycle-associated (E2F) genes, in the composite profile of variant
histones, in the expression and alternate splicing of telomerase, in the composition of PcG and
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TrxG complexes, in the post-transcriptional switch regulating the expression of a specific
neuronal isoform of an essential alternate splicing protein (polypyrimidine tract binding protein
[PTB]), and in the expression of polyADP ribose polymerases (PARPs) (Bosch and Suau,
1995; Boutz et al., 2007; Cohen-Armon et al., 2007; Kaneko et al., 2006; Kim et al., 2007c;
Panteleeva et al., 2007; Sjakste and Sjakste, 2007). For example, the regulation of telomerase
causes dynamic modulation of DNA methylation, histone-modifying enzymes and HP1
binding to modulate DNA repair, cell cycle checkpoint arrest and to prevent DNA
recombination during a critical neurogenic developmental window of vulnerability, the
miRNA-mediated change in PTB isoform expression promotes global reprogramming of
neuronal alternate splicing, and the expression of PARP sets the epigenetic “tone” for neuronal
differentiation by enhancing downstream signaling components of the MAPK pathway
involved in creation of a stable post-mitotic epigenetic landscape (Bosch and Suau, 1995;
Boutz et al., 2007; Kaneko et al., 2006; Kim et al., 2007c; Makeyev et al., 2007; Panteleeva et
al., 2007). During the aging process, further consolidation of the differentiation process is
accomplished by epigenetically-mediated creation of senescence-activated heterochromatic
foci (SAHF), a process by which p16INK4A collaborates to prevent the inappropriate activation
of proliferation or apoptosis in response to mitogenic cues, and thereby provides protection
against the development of cancer and neurodegenerative diseases (Narita et al., 2006; Orford
and Scadden, 2008). NcRNAs (miRNAs, other short and longer ncRNAs) and RNA editing
are also integral components of the epigenetic regulation of progressive phases of neural
lineage maturation from regional patterning of neural stem cell niches to progressive stem cell
lineage restriction and maturation and adult neural plasticity and homeostatic responses
(Mehler and Mattick, 2007; Muotri and Gage, 2006).

8. Epigenetic mechanisms underlying neuronal and neural network plasticity
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The molecular transition from memory encoding and initial consolidation to progressive longterm memory storage, retrieval and reconsolidation involves complex layers of local and
system-wide epigenetic modifications associated with transcriptional, post-transcriptional,
translational and post-translational changes that influence molecular pathways and interactive
networks at the intracellular, synaptic and systems levels of information processing,
integration, transformation, stabilization, and reconfiguration (Ashraf and Kunes, 2006; Ashraf
et al., 2006; Bell et al., 2008; Bramham and Wells, 2007; Chwang et al., 2007; Dahm et al.,
2007; Hanson and Madison, 2007; Hong et al., 2005; Levenson and Sweatt, 2005; Matsumoto
et al., 2007; Miller et al., 2007; Miller and Sweatt, 2007; Narayanan et al., 2007; Nelson et al.,
2008a; Wood et al., 2006; Zhang et al., 2008). A dynamic interplay exists between primary
DNA and histone modifications that create transient and more enduring patterns of synaptic
and neural network modifications (Levenson and Sweatt, 2005; Miller et al., 2007). Memory
consolidation is promoted by DNA methylation through the concerted actions of DNA
methyltransferases and functional demethylases acting at genomic regulatory regions to
differentially orchestrate the expression of specific profiles of synaptic plasticity and memory
suppressor genes (Miller and Sweatt, 2007). Histone-associated post-translational
modifications, particularly phosphorylation, acetylation and methylation, orchestrate longterm memory dynamics through regulation of specific promoters of plasticity-associated
transcription factors (i.e., CCAAT/ enhancer binding protein: C/EBP), excitatory and
neuromodulatory receptors, cytoskeletal proteins, cell adhesion molecules and metabolic
enzymes (Levenson and Sweatt, 2005; Wood et al., 2006). Differential regulation of distinct
types of post-translational histone modifications adds an additional layer of organizational
complexity and context-specificity through the elaboration of unique patterns of neuronal and
associated neural network epigenetic “state transition” signatures associated with selective
forms of long-term memory (Chwang et al., 2007; Fischer et al., 2007; Hong et al., 2005;
Levenson and Sweatt, 2005; Wood et al., 2006). Memory consolidation is further enhanced by
changing profiles of gene modulation associated with targeted histone code modifications
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mediated by synaptic receptor-associated changes in intracellular signal transduction pathways
that help to coordinate and integrate multiple environmental and intracellular cues (Taniura et
al., 2007). These targeted changes within specific gene networks may also play a role in
activating adult neurogenesis from regional neural stem cell niches to participate in selective
forms of learning and memory (Aimone et al., 2006; Hsieh and Gage, 2005; Zhang et al.,
2008; Zhao et al., 2008).
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Recent studies have begun to define the integrated mechanisms responsible for converting a
temporary memory trace into an enduring long-term memory engram at the molecular, cellular
and systems levels of brain organization (Froemke et al., 2007; Govindarajan et al., 2006; Li
et al., 2007a; Sajikumar et al., 2005; Shema et al., 2007; Wang et al., 2006). At the synaptic
level, LTP maintenance is selectively mediated, in part, by de novo protein synthesis and by
the persistent activity of a brain-specific protein kinase (PKMzeta) through regulated protein
synthesis from pre-existing gene transcripts and by the maintenance of maximal levels of its
activation within a sparsely distributed subset of synapses (Kelly et al., 2007; Pastalkova et
al., 2006; Sajikumar et al., 2005; Shema et al., 2007). These molecular processes enhance later
memory recall from partial stimulus cues and maximize more compact and reliable information
storage with high temporal precision (Lin et al., 2006; Pastalkova et al., 2006; Sajikumar et
al., 2005; Shema et al., 2007). Induction of the late phase of LTP displays associative properties
that allows the integration of spatial, temporal, contextual, relational and systems-wide
information at specific functional dendrite subcompartments by synaptic tagging and cross
tagging of informational inputs (see above) with distinct stimulus strengths, content and
synaptic sites and by late associative reinforcement through the dynamic modulation of
plasticity-related proteins, including PKMzeta, gene transcription, gene and protein
processing, NMDA and non-glutamatergic (i.e., dopamine) modulatory neurotransmitters and
activity-dependent setting and resetting of these complex and varied synaptic “tag” complexes
(Morris, 2006; Reymann and Frey, 2007; Sajikumar et al., 2005). The consolidation phase of
LTP is mediated by neurotrophin-, NMDA receptor-, MAPK pathway- and activity-dependent
local synthesis of the Arc plasticity protein, whereas LTP maintenance requires Arc-dependent
stabilization of PKMzeta synthesis, long-term expression and function (Messaoudi et al.,
2007). Epigenetic tagging during these progressive stages of memory consolidation and
maintenance involves complementary signaling pathways including MAPK/ extracellular
signal-regulated kinase (ERK)- and CBP/p300-mediated histone H3 acetylation, MAPK/
mitogen- and stress-activated protein kinase (MSK) subpathway-mediated histone H3
phosphorylation, PARP/ERK-mediated histone H4 acetylation, associated modifications to
histone H1 linker proteins and additional genome-wide chromatin remodeling resulting in
downstream activation of immediate early gene responses (Chwang et al., 2007; Guan et al.,
2005; Levenson and Sweatt, 2005; Matsumoto et al., 2007; Taniura et al., 2007; Wood et al.,
2006).
Regulation of splicing factors and associated epigenetic regulatory pathways may promote
localized or more widespread exon reprogramming as well as intron retention that can also
dynamically modulate memory consolidation, reconsolidation, storage and retrieval (Bell et
al., 2008; Bramham and Wells, 2007; Dahm et al., 2007; Eulalio et al., 2007; Filipowicz et al.,
2008). These processes can occur through altered coupling of alternate splicing to RNA
turnover and through epigenetic modifications to specific protein products to modulate their
functions, subcellular localization and expression levels in ways that can create contextspecific changes in neuronal biophysical properties and associated activity profiles of
multilevel signal transduction cascades (Ashraf and Kunes, 2006; Bell et al., 2008; Bramham
and Wells, 2007; Dahm et al., 2007; Eulalio et al., 2007; Filipowicz et al., 2008; Jepson and
Reenan, 2007). Neuronal activity-dependent post-transcriptional changes in receptor-,
exosome- or gap junction-mediated local and more long-distance trans-neuronal RNA transfer
and recipient cell processing of mRNAs and regulatory ncRNAs may coordinately regulate
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distributed neural network connectivity, activation and plasticity through establishment of
neuronal oscillatory synchrony required to promote multimodal stimulus feature binding and
dynamic interactions between networks mediating diverse cognitive processing components
(Dinger et al., 2008; Guan et al., 2005; Jensen et al., 2007; LeBeau et al., 2003; Matsumoto et
al., 2007; Mattick and Mehler, 2008; Mehler, 2002b; Rozental et al., 2000; Traub et al.,
2002). It is increasingly apparent that the establishment of distinct memory states involves
differential protein translation from diverse, complex and mobile dendritic and axonal mRNA
pools present within functional neuronal distal microdomains (Bramham and Wells, 2007;
Cox et al., 2008; Dahm et al., 2007). These translational processes are transacted by multiple
RBPs and neuronal transport granules and the context-specific deployment of several distinct
modes of protein translation mediated through neuronal activity-dependent modulation of
excitatory receptors and differential access to mRNA and ncRNA regulatory regions and
associated gene modulatory factors (Ashraf and Kunes, 2006; Ashraf et al., 2006; Bramham
and Wells, 2007; Dahm et al., 2007; Eulalio et al., 2007; Filipowicz et al., 2008; Keene,
2007). NcRNAs are also intimately involved in local translational modulation (Amaral et al.,
2008; Mehler and Mattick, 2007). Further, dynamic regulation of ncRNA transcription may
also significantly modulate memory dynamics by influencing the molecular composition of
higher-order chromatin complexes through direct regulation of polycomb and trithorax group
DNA regulatory elements (Schmitt and Paro, 2006). Excitatory receptors also promote
different forms of synaptic plasticity through dynamic modulation of the kinetics of
translocation of neuronal granules and local mRNA translation, and these processes may, in
turn, be further regulated by feedback modulation from RBPs and by associated intracellular
trafficking of excitatory receptors (Bramham and Wells, 2007; Dahm et al., 2007; Eulalio et
al., 2007; Lau and Zukin, 2007; Mehler and Mattick, 2007). An additional layer of long-term
memory regulation is represented by the site-specific post-translational modification of
different excitatory synaptic receptors by phosphorylation in concert with complementary posttranslational histone modifications transacted by common neuromodulatory receptor-mediated
intracellular signal transduction pathways (Bramham and Wells, 2007; Taniura et al., 2007).
Similar phosphorylation-dependent control of individual translation initiation factors also
represents critical molecular hubs mediating long-term synaptic plasticity and associated
memory consolidation (Bramham and Wells, 2007). Cumulative changes in the biophysical
properties of protein: RNA: DNA complexes and their functional interactions further define
dynamic profiles of neural network connectivity and activity-dependent signaling parameters
(Mattick and Mehler, 2008; St Laurent and Wahlestedt, 2007).
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The general principles of multi-layered and genome-wide epigenetic regulation allow the
precise mapping of evolving environmental inputs and their transformation into long-term
memory traces that exhibit more abstract, categorical and hierarchical genomic as well as neural
network organization, and therefore lead to uniquely adaptable modes of memory retrieval,
utilization and reconsolidation (Govindarajan et al., 2006; Levenson and Sweatt, 2005; Lin et
al., 2006; Mattick and Mehler, 2008; Mehler and Mattick, 2007; Morris, 2006; St Laurent and
Wahlestedt, 2007; Tronson and Taylor, 2007; Wang et al., 2006; Wood et al., 2006). Synaptic
plasticity appears to involve an intermediate phase associated with de novo protein synthesis
from pre-existing localized gene transcripts and a late phase associated with direct
transcriptional modulation (Bramham and Wells, 2007). During the intermediate plasticity
phase, epigenetic processes that affect mRNA stability, molecular and functional complexity
and translation are activated, particularly those involving the actions of miRNAs, siRNAs and
RNA editing (Amaral et al., 2008; Ashraf and Kunes, 2006; Bramham and Wells, 2007; Dahm
et al., 2007; Eulalio et al., 2007; Mattick and Mehler, 2008; Mehler and Mattick, 2007). By
contrast, during the late plasticity phase, epigenetic mechanisms that regulate gene
transcription and employ multiple post-transcriptional processes are recruited (Amaral et al.,
2008; Mehler and Mattick, 2007). Plasticity associated genes are known to regulate the
transcription of multiple classes of ncRNAs including miRNAs (Ashraf and Kunes, 2006;
Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 21

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Bramham and Wells, 2007; Dahm et al., 2007; Mehler and Mattick, 2007). NcRNAs are
embedded within complex gene loci containing protein-coding genes, imprinted genes and
other components of the epigenetic code that are themselves modulated by changes in activitydependent cues, thereby allowing both small and longer ncRNAs to orchestrate dynamic
changes in chromatin organization and associated regulation of neural plasticity and
connectivity (Amaral et al., 2008; Kishino, 2006; Mehler and Mattick, 2007; Mercer et al.,
2008). Furthermore, analysis of RNA editing targets has revealed that factors involved in
epigenetic modulation of long-term memory functions and synaptic plasticity and in linking
components of RNA editing and DNA recoding are also edited, thus suggesting an additional
layer of dynamic contextual regulation (Mattick and Mehler, 2008). Within the genome, the
preeminence of Alu repetitive elements and the preferential role of RNA editing in brain suggest
the possibility of their evolutionary co-adaptation, with Alu elements representing unique
modular substrates for RNA editing and their selection as vehicles to promote higher order
synaptic plasticity and memory formation (Mattick and Mehler, 2008). Through the mechanism
of RNA-directed DNA modifications, mediated by DNA repair enzymes or LINE-1 elementassociated reverse transcriptases, or recombination-activating gene-1/2 (Rag1/2)-directed
recombination events, productive short-term plasticity events can be rewritten back to the
genome and are potentially infinitely modifiable through targeted DNA recoding and
bidirectional modification of synaptic RNAs to establish distributed long-term memory traces
through the actions of DNA editing enzymes (Dewannieux et al., 2003; Garcia-Perez et al.,
2007; Jessen et al., 2001; Mattick and Mehler, 2008; Nowacki et al., 2008; Storici et al.,
2007). Within these activated neural networks, information transformation from a featurebased to a more abstract code or “memory trace” may be mediated, in part, by diverse catalytic
roles, orientational dynamics as well as intermediate substrate specificities of reverse
transcriptases linking RNA editing to DNA recoding (Abbondanzieri et al., 2008; Lin et al.,
2006; Mattick and Mehler, 2008). Moreover, such dynamic long-term plasticity mechanisms
may be subject to trans-generational inheritance of complex cognitive traits through RNA
transfer to the germline mediated by specific protein-coding gene pathways and associated
ncRNA subclasses, including miRNAs and trans-acting RNAs, as well as DNA
methyltransferases (Dinger et al., 2008; Mattick and Mehler, 2008; Nelson et al., 2008a).
Interestingly, transcriptional networks that regulate reconsolidation memory appear to overlap
with those that modulate the expression and activity of different DNA/RNA editing enzymes
(Mattick and Mehler, 2008; Mehler and Mattick, 2007; Tronson and Taylor, 2007).

9. Epigenetics and neurodevelopmental disorders
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There is increasing recognition that autism spectrum disorders (ASDs) may represent
fundamental disorders of epigenetic regulation (Herbert et al., 2006; Persico and Bourgeron,
2006; Schanen, 2006). Epigenetic mutations (Fragile X syndrome, FXS) and mutations in
seminal epigenetic regulatory factors (Rett syndrome, MeCP2) result in ASDs (Schanen,
2006). Some key epigenetic mechanisms linked to ASDs include parent-of-origin effects and
cytogenetic impairment in imprinted domains like those present on chromosome 15q11-13,
the site of deletions in Prader-Willi and Angelman syndromes. Neuropathological specimens
from ASD patients, including those with Rett and Angelman syndromes, have confirmed the
presence of epigenetic abnormalities including aberrant DNA methylation at candidate
imprinted gene loci (Herbert et al., 2006; Persico and Bourgeron, 2006; Schaefer et al.,
2007). These and other imprinted loci implicated in ASDs encompass complex genomic
regulatory regions containing intricate amalgams of imprinted and non-imprinted genes
involved in neural development, neuronal excitability and neural transmission, synaptic
plasticity, neural network connectivity, brain homeostasis, environmental responsiveness and
associated dynamic spatiotemporally defined CNS processes (Kishino, 2006; Mehler and
Mattick, 2007; Rogelj and Giese, 2004; Wilkinson et al., 2007). These observations may
account for a range of additional features associated with ASDs, including incomplete
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monozygotic concordance, enhanced susceptibility to environmental triggers, etiologic and
phenotypic heterogeneity, unusual rates of developmental regression and progression, systemic
abnormalities and increasing disease incidence and prevalence (Herbert et al., 2006; Persico
and Bourgeron, 2006; Schanen, 2006). Various epigenetic processes regulate imprinted loci
including multiple classes of regulatory ncRNAs, DNA methylation, MBDs, chromatin
remodeling, gene-environmental interactions, and intricate cis- and trans-acting and interallelic genomic modulatory processes (Royo and Cavaille, 2008; Schanen, 2006; Wilkinson et
al., 2007 424). Complex features of ASDs may be partially explained by the unique biological
characteristics of imprinted genes and associated epigenetic processes, including selective
expression at distinct developmental stages and within specific brain regions and tissues,
inheritance with high mutation rates resulting in epigenetic dysregulation, regulatory effects
of imprinted or non-imprinted genes, downstream effects on non-imprinted genes, complex
gene dosage effects of maternal and paternal alleles and associated highly pleiotropic effects
and hierarchical gene (“epistatic”) relationships (Badcock and Crespi, 2006; Persico and
Bourgeron, 2006; Royo and Cavaille, 2008; Schanen, 2006; Wilkinson et al., 2007). Recently,
selective alterations in a subset of miRNAs have been described in post-mortem cerebellar
cortex specimens from ASD patients (Abu-Elneel et al., 2008). Interestingly, the profiles of
miRNA alterations coincided with predictive target genes previously implicated in ASD and
associated with synaptic plasticity and neural connectivity.
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Deregulation of multiple interrelated epigenetic processes in ASDs may alter complex
networks of gene expression and brain function including misexpression of imprinted and
biallelically expressed genes without causing classical genetic lesions that are more readily
detectable by linkage and association studies (Badcock and Crespi, 2006; Herbert et al.,
2006; Persico and Bourgeron, 2006; Schanen, 2006; Wilkinson et al., 2007). Additional
investigations suggest that the pathogenesis of ASDs, including the pronounced male gender
bias, may also involve X chromosome-associated imprinted genes and intra-genomic conflicts
and imbalances favoring the expression and effects of paternally versus maternally expressed
genes resulting in the characteristic deficits observed in social and behavioral interactions
(Badcock and Crespi, 2006). Patients with Turner’s syndrome only exhibit ASDs when the
maternal X chromosome is present (Schanen, 2006). In addition, ASDs are associated with
microdeletions involving FAM9B, the human homologue of the mouse X imprinted Xlr3b gene
that is maternally expressed and normally escapes X chromosome inactivation (Badcock and
Crespi, 2006; Davies et al., 2006). ASDs also occur in the setting of recurrent chromosome
16p11.2 microdeletions and segmental duplications, at the genomic site of a complex
interactive gene network mediating complex brain-behavior relationships (Kumar et al.,
2008; Weiss et al., 2008). Moreover, a novel missense mutation in the same histone H3K4
demethylase (SMCX) that when mutated is associated with X-linked mental retardation
(XLMR) results in ASD (Adegbola et al., 2008). Further, mutation in KLF14, an intronless
member of the Kruppel family of transcription factors and the first example of an imprinted
transcript exhibiting accelerated evolution in the human lineage, also results in ASD and the
Silver-Russell imprinted syndrome. Interestingly, KLF14 acts as a transcriptional repressor by
directly interacting with histone deacetylase (HDAC)-mSin3A and is imprinted through longrange chromosomal interactions, with expression dependent on a maternally methylated region
that functions as an imprinting control region for the entire complex gene locus (ParkerKatiraee et al., 2007).
Prader-Willi syndrome represents a complex neurodevelopmental disorder associated with
mild to moderate mental retardation, failure to thrive and hypothalamic dysfunction resulting
from diverse mutations including loss of paternally inherited 15q11-13, maternal uniparental
disomy and mutations of the Prader-Willi syndrome/Angelman syndrome imprinting center
(Cassidy et al., 2000). Within the Prader-Willi locus is the neural imprinted gene IPW, a spliced
and polyadenylated ncRNA (Wevrick et al., 1994). Moreover, ZNF127 and the linked
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ZNF127 antisense transcript are encoded within the IPW locus and display preferential
expression within the nervous system (Jong et al., 1999). By contrast, Angelman syndrome
results from three reciprocal mutations to those occurring in Prader-Willi syndrome, is
associated with severe mental retardation, ataxia, seizures, microcephaly and sleep
disturbances and exhibits cortical atrophy, cerebellar dysmyelination and loss of Purkinje
neurons (Cassidy et al., 2000). UBE3A, the gene responsible for Angelman syndrome, exhibits
biallelic expression in most tissues but preferential expression of the maternal allele in both
mouse and human brains with selective imprinting in neurons throughout the nervous system
(Mehler and Mattick, 2007). Loss of UBE3A function in Angelman syndrome results from
deletion of the maternal UBE3A allele and adjacent genes (class I), the presence of duplicate
chromosome 15 of paternal origin with absence of a maternal allele (class II), mutations of the
imprinting center with aberrant methylation and the presence of two functional paternal alleles
(class III) and mutations of the maternal UBE3A gene, resulting in functional inactivation
without alterations in the profiles of maternal and paternal methylation (class IV) (Jedele,
2007). Moreover, there are additional patients with no known molecular genetic alterations
(class V), clinical asymptomatic mothers who possess UBE3A mutations and severely affected
offspring and unusual cases of Prader-Willi syndrome with Angelman syndrome-like
methylation profiles (Jedele, 2007). There is increasing recognition of a spectrum of parentspecific epigenetic modifications at the Prader-Willi/Angelman syndrome imprinted locus that
contribute to disease pathogenesis and diverse clinical presentations (Horsthemke and
Wagstaff, 2008). These include changes in DNA methylation, histone and higher-order
chromatin modifications, the actions of cis-acting sequences, including UBE3A antisense RNA
associated with numerous (>70) snoRNAs, as well as the effects of trans-acting factors,
including different classes of ncRNAs that interact with cis-acting sequences in both somatic
and germ cells. Many of the observed imprinting defects represent epimutations that are not
associated with increased risk of disease recurrence in families (Horsthemke and Wagstaff,
2008). Further, recent studies suggest that Angelman and Rett syndromes and ASDs may be
etiologically linked by common alterations in gene and epigenetic effector pathways
converging at the Angelman syndrome critical region (Jedele, 2007).
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Fragile X syndrome, the most common hereditary form of MR, is associated with large
expansions of CGG (>200) repeats in the 5’ UTR of the FMR1 gene resulting in gene silencing
(Garber et al., 2008; Mirkin, 2007; Pearson et al., 2005; Warren, 2007). FMRP, the FMR1 gene
product, is an RBP involved in post-transcriptional processing and differential translation of a
large subset of dendritic-associated mRNAs in concert with several distinct classes of ncRNAs
required to modulate synaptic plasticity and long-term memory mechanisms (Penagarikano et
al., 2007; Vanderklish and Edelman, 2005). In FXS, DNA methylation of the expanded CGG
tract triggers MBD protein binding and recruitment of HDACs and other transcriptional
repressors (Penagarikano et al., 2007). By contrast, pre-mutation FMR1 carriers (CGG, 60-200
repeats) exhibit a neurodegenerative disease (FXTAS) associated with tremor and ataxia
(Mirkin, 2007; Pearson et al., 2005; Sofola et al., 2007). In addition, FRAXE, which is
characterized by intellectual impairment and severe language delay, is caused by significant
expansion of CCG (>200) repeats in the 5’ UTR or within the body of the FMR2 gene resulting
in regional DNA hypermethylation, gene silencing and loss of FMR2 protein, a transcriptional
regulator that plays a prominent role in long-term memory formation (Gu and Nelson, 2003;
Mirkin, 2007; Pearson et al., 2005). Like mutations in FMR1, FMR2 CCG pre-mutations result
in an RNA toxicity-mediated neurodegenerative disease in animal models (Sofola et al.,
2007). A rare form of severe MR in males is caused by a combined deletion of the FMR1 and
FMR2 genes (Moore et al., 1999). Another form of MR in males is associated with a deletion
that affects only the FMR3 gene, a putative ncRNA transcribed from the opposite DNA strand
to the FMR1 and FMR2 genes (Santos-Reboucas et al., 2006). In females, extensive deletion
of FMR1, FMR2 and iduronate-2-sulfatase, the gene involved in Hunter’s syndrome
(mucopolysaccharoidosis, type II), combined with extensive skewing of X chromosome
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inactivation (XCI) towards the normal X chromosome pattern results in MR and Hunter’s
syndrome, whereas incomplete skewing of XCI results in MR alone, thereby demonstrating
the important roles of the X chromosome, inter-allelic communications and gene dosage effects
in human cognition and the etiology of neurodevelopmental disorders (Probst et al., 2007).
Interestingly, the broader FMR locus is rapidly emerging as a much more complex, interleaved
and nested locus than originally envisioned and further functional genomics exploration will
likely yield major new insights into the role of different classes of ncRNAs in
neurodevelopmental as well as neurodegenerative diseases. For example, recent studies have
identified FMR4, a primate-specific longer ncRNA that resides upstream of the FMR1 gene
and possibly both share a bidirectional promoter although each gene may be independently
regulated (Khalil et al., 2008). Pathological CGG expansion in the 5’ UTR of the FMR1 gene
has been shown to alter transcription in both directions, resulting in FMR4 silencing in FXS
and up regulation in permutation carriers that exhibit a neurodegenerative phenotype (FXTAS).
FMR4 exhibits cell cycle regulatory and anti-apoptotic functions and significant extraneural
expression profiles particularly in cardiac tissues that are affected in FXS. Therefore, FMR4
may contribute to significant FXS cardiac co-morbidities by virtue of its seminal cellular
functions that may be mediated by integrated effects on relevant gene networks by targeting
multiple involved genes in trans in ways similar to those transacted by other longer ncRNAs.
Interestingly, an antisense transcript (ASFMR1) that encompasses the CGG repeats in the 5’
UTR of the FMR1 gene has also been described (Ladd et al., 2007). ASFMR1 possesses
multiple transcription start sites, is highly spliced, exhibits a splice variant that overlaps with
FMR4 and displays profiles of transcriptional deregulation in FXS and FXTAS similar to
FMR4 (Ladd et al., 2007). Another classical lysosomal storage disease, Krabbe’s disease or
globoid cell leukodystrophy, associated with neurodevelopmental deficits, has recently been
shown to exhibit epigenetically mediated neuronal loss and associated immune dysregulation
(Galbiati et al., 2007). Werner’s syndrome, a progeroid disorder associated with
neurodevelopmental impairments, is caused by mutation of the gene encoding the WRN protein
that is required for telomere maintenance and chromatin remodeling in association with the
SIRT6 histone H3K9 deacetylase (Michishita et al., 2008). Down’s syndrome causes a
spectrum of neurodevelopmental deficits mediated, in part, by several epigenetic mechanisms,
including abnormal DNA methylation and transcriptional dysregulation of the DYRK1A gene,
and DYRK1A-mediated deregulation of alternative splicing, histone mRNA 3’ end formation
and impaired co-regulation of the calcium-dependent transcription factor, NFAT in association
with the ncRNA, NRON (de Graaf et al., 2006; Gwack et al., 2006; Hobbs et al., 2002; Maenz
et al., 2008; Old et al., 2007).
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Disruption of a broad spectrum of epigenetic mechanisms is associated with both syndromic
and non-syndromic forms of XLMR (Froyen et al., 2006; Ropers, 2006). One form of XLMR
is associated with loss of activity of SMCX, a histone H3K4 demethylase (see above) that
normally forms a transcriptional repressor complex with HDACs, a histone H3K9
methyltransferase and the key neuronal silencer factor, REST to differentially modulate the
expression of a subset of REST target genes involved in neuronal maturation (Tahiliani et al.,
2007). Non-syndromic XLMR also results from loss-of-function mutations that affect the
FTSJ1 protein, which typically binds S-adenosyl methionine and is a major methyl donor for
DNA methylation reactions that silence gene transcription (Froyen et al., 2007; Takano et al.,
2008). Other forms of non-syndromic XLMR are caused by mutations in genes encoding
Kruppel-type zinc finger proteins that participate in heterochromatin formation and gene
silencing by recruiting HP1 in complex with HDAC3 and the histone methyltransferase,
SETB1 (Froyen et al., 2006; Ropers, 2006; Schultz et al., 2002). Rett syndrome, a pervasive
neurodevelopmental disorder predominantly affecting girls but also occasionally causing
XLMR and severe neurological disorders in boys, is usually caused by mutations including
gross deletions in MeCP2, an MDB factor with an enlarging spectrum of recognized roles in
DNA methylation, alternate splicing and chromatin remodeling (Chadwick and Wade, 2007;
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Froyen et al., 2006; Ropers, 2006). In terms of syndromic XLMR, the Lenz microphthalmia
syndrome is associated with mutations in the Bcl6-interacting co-repressor, BCOR, a key
regulator of transcription during embryogenesis with roles in histone acetylation and chromatin
remodeling (Horn et al., 2005; Ng et al., 2004). At least five XLMR syndromes occur in
association with distinct mutations in the gene encoding the polyglutamine binding protein-1
(PQBP1), a factor with epigenetic roles in transcription and alternate splicing and associated
effects in long-term memory processing and complex behavioral repertoires (Lubs et al.,
2006; Martinez-Garay et al., 2007; Yoshimura et al., 2006). There is also a family with both
autism and MR that exhibits PQBP1 mutations along with skewed X chromosome inactivation
(Fichera et al., 2005). Interestingly, PQBP1 may also be a central regulator of
neurodegeneration in polyglutamine diseases and interacts directly with mutant ataxin-1 and
huntingtin (Marubuchi et al., 2006). Mutations in ATRX, a DNA helicase involved in
chromatin remodeling, DNA and histone methylation and silencing of gene expression, cause
a broad spectrum of clinical phenotypes, the most severe represented by the syndrome of severe
XLMR and α-thalassemia (Froyen et al., 2006; Ropers, 2006). Coffin-Lowry syndrome,
associated with XLMR, is caused by mutations in the p90 ribosomal S6 kinase 2 (RSK2), a
major effector of chromatin remodeling through interactions with histone methyltransferases,
histone acetylases, signaling pathways mediating phosphorylation of histone proteins and
mediators of long-term memory formation (Froyen et al., 2006; Ropers, 2006). Mutations in
CBP, a transcriptional co-activator possessing intrinsic histone acetyltransferase activity,
results in the Rubinstein-Taybi syndrome associated with MR; deregulation of CBP has also
been implicated in the pathogenesis of several neurodegenerative disorders including
Alzheimer’s and Huntington’s diseases (Froyen et al., 2006; Ropers, 2006). Mutations in
CHD7, a DNA helicase involved in chromatin remodeling, cause CHARGE syndrome which
is associated with developmental aberrations including MR (Froyen et al., 2006).
Immunodeficiency, centromere instability and facial anomalies (ICF) syndrome causes a rare
form of MR as a result of defects in DNA methylation, chromatin remodeling and
transcriptional regulation due to hypomorphic germline mutations in DNMT3B (Jin et al.,
2008). Finally, alterations of the gene encoding the H3K9 euchromatin histone
methyltransferase 1 give rise to a developmental disorders associated with severe MR and
related behavioral disturbances (Takizawa and Meshorer, 2008).
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A complex spectrum of neurodevelopmental disorders arises from defects in related genes
involved in different subtypes (global genomic repair [GGR] or transcription coupled repair
[TCR]) of the specialized DNA repair mechanism termed nucleotide excision repair (Cleaver,
2005; Mellon, 2005). One rare disorder of GGR termed the xeroderma pigmentosum variant
(XPV) syndrome is associated with MR and peripheral cancer due to deficiency of the Y-family
DNA polymerase-η that may be involved in linking RNA editing and DNA recoding to promote
long-term memory formation and other higher cognitive functions (Gratchev et al., 2003; Liu
and Chen, 2006; Mattick and Mehler, 2008). By contrast, a disorder of TCR termed Cockayne
syndrome is associated with progressive neurodevelopmental disabilities with progeroid
features but without increased cancer incidence most often due to mutations in the CSA or
CSB genes, the latter encoding a SWI/SNF-like ATP-dependent chromatin-remodeling enzyme
(Cleaver et al., 2007; Newman et al., 2006). In addition, CSB forms a complex with the G9a
histone H3K9 methyltransferase to facilitate association with the heterochromatin protein, HP1
to promote ribosomal DNA transcription, interacts with CSA in a multimeric complex to
promote pre-mRNA splicing and CSA and CSB also differentially and cooperatively regulate
the recruitment of distinct chromatin remodeling factors involved in histone modifications and
nucleosome binding (Fousteri et al., 2006; Kuraoka et al., 2008; Yuan et al., 2007).
Interestingly, recent studies have shown that a domesticated class II transposable repetitive
element (PGBD3) residing within intron 5 of the CSB gene functions as a novel terminal exon,
and that the alternatively spliced mRNA encodes a novel chimeric protein in which CSB exons
1-5 are joined in frame to the PGBD3 transposon, encoding a transposase enzyme that binds
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to and incorporates single-stranded DNA into genomic sequences, and continues to be
expressed when functional CSB is lost due to the pathogenic mutation (Newman et al.,
2008). The human genome contains over 600 non-autonomous PGBD3-related MER85
elements, many of which are associated with genes involved in neuronal development, are
regulated by CSB and may be deregulated following Cockayne syndrome-associated CSB lossof-function mutations (Newman et al., 2008). Although congenital cerebral palsy is usually
not considered genetic, a family has been described with a deletion of the ANKRD15 gene that
exhibits imprinting-like inheritance (Lerer et al., 2005). In this case, the 9p24.3 deletion is
interpreted as a maternal imprinted gene expressed only from the paternal allele with the only
allelic difference resulting from differential methylation in the CpG island flanking another
gene (DMRT) located 3’ of the ANKRD15 gene (Lerer et al., 2005). Affected individuals are
carriers of the paternal deletion with repression of the normal maternal allele (Lerer et al.,
2005). The complex gene locus encompasses multiple promoters and diverse transcripts, and
hypermethylation only occurs on the deleted chromosome when transmitted through the mother
(Lerer et al., 2005). In the presence of the deletion, hypermethylation of the DMRT1 promoter
may create a longer non-coding antisense transcript that overlaps and represses ANKRD15
expression from the normal allele or additional trans-allelic interactions (transvection or
paramutation) may be operative (Lerer et al., 2005).

10. Epigenetic mechanisms underlying neurodegenerative diseases
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There are many tantalizing clues suggesting that neurodegenerative diseases are mediated by
aberrant epigenetic mechanisms (Anderson et al., 2008; Cattaneo, 2007; Fischer et al., 2007;
Johnson et al., 2008; Kim et al., 2007a; Kim et al., 2008; Nelson et al., 2008b; Roze et al.,
2007; Sadri-Vakili and Cha, 2006; Schaefer et al., 2007; Setsuie and Wada, 2007; Stack et al.,
2007; Sun et al., 2005; Wang et al., 2008b; Zuccato et al., 2007). The evidence includes the
absence of simple Mendelian inheritance patterns, global transcriptional dysregulation,
multiple types of pathogenic RNA alterations, expansion of unstable microsatellite repeats,
aberrant stimulation of developmental and mitogenic signaling pathways, the labile state of
differentiation, defects in axondendritic transport, the presence of chronic stress, telomere
dysfunction and genomic instability, and the importance of environmental factors and multiple
distinct transition states associated with disease pathogenesis (Arendt, 2000; Bernstein et al.,
2002; Cha, 2007; Chan et al., 2007; Greene et al., 2007; Gueven et al., 2007; Kovtun and
McMurray, 2008; Lesnick et al., 2007; McMurray, 2005; Mirkin, 2007; Mosch et al., 2007;
Pearson et al., 2005; Peng et al., 2007; Rass et al., 2007; Saxena and Caroni, 2007; Whalley et
al., 2006; Zhang et al., 2007). Transcriptional dysregulation is a unifying feature of
trinucleotide repeat disorders and is increasingly recognized in other subclasses of
neurodegenerative diseases (Cha, 2007; Mirkin, 2007; Pearson et al., 2005; Telese et al.,
2005). Independent of protein context, microsatellite repeat expansion overrides the normal
program of neuronal differentiation and maintenance functions, whereas in specific
trinucleotide repeat diseases there is early deregulation of genes involved in the specification
and maturation of specific neuronal subtypes that later undergo physiological dysfunction and
neurodegeneration (Abou-Sleymane et al., 2006; Cha, 2007; Mirkin, 2007; Pearson et al.,
2005). There is also increasing evidence that microsatellite repeat sequences are essential for
mediating complex cognitive functions, personality, social interactions, emotive expression
and circadian rhythms (Fondon et al., 2008). Recent examination of both brain and peripheral
tissues in Huntington’s disease patients has identified genome-wide changes in gene expression
with large domains of increased transcription and complementary regions of repressed
transcription comparable to those seen in primary cancers including gliomas (Anderson et al.,
2008). Huntingtin has been shown to interact with components of the basal transcriptional
machinery, including direct binding to multiple transcription factors and associations with
epigenetic components of both transcriptional repressor as well as activator complexes (Cha,
2007; Harjes and Wanker, 2003; Kaltenbach et al., 2007; Stack et al., 2007). Huntingtin and
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other neurodegenerative disease-associated proteins, including ataxin-7, bind directly to
different histone acetyltransferases, and a huntingtin-interacting protein (HYPB) represents a
specific histone H3K36 methyltransferase that normally facilitates active transcription
(Helmlinger et al., 2004; Sun et al., 2005). In addition, disrupted interactions of mutant
huntingtin with a Bmi1-associated E3 ubiquitin ligase histone-modifying complex increase the
monoubiquitylation of histone H2A and decrease the analogous modification of histone H2B
resulting in complex profiles of transcriptional dysregulation associated with complementary
alterations in histone acetylation and methylation, respectively, through complex epigenetic
crosstalk (Kim et al., 2008). Furthermore, the cytoplasmic domain of amyloid precursor protein
mediates direct binding of an additional histone acetyltransferase and indirectly associates with
a nucleosome assembly factor (Telese et al., 2005). Neurodegenerative disease-associated
proteins such as huntingtin also promote chromatin modifications by complex interactions with
developmental and adult cytokine and neuromodulatory receptors and intracellular signaling
pathways that promote selective post-translational modifications of histone proteins as well as
non-histone proteins involved in all aspects of normal CNS cellular functions (Bennett et al.,
2007; Cattaneo, 2007; Harjes and Wanker, 2003; Hayakawa-Yano et al., 2007; Kaltenbach et
al., 2007; Li et al., 2007b; Liu et al., 1997; Roze et al., 2007; Taniura et al., 2007). Huntington’s
disease and associated animal models exhibit intricate abnormalities in histone acetylation,
methylation and phosphorylation, impaired nucleosome remodeling, selective striatal
deficiency of a downstream nuclear component (MSK1) of the MAPK pathway and associated
alterations in cell cycle regulation, protein degradation, DNA repair, axodendritic transport,
telomere maintenance, senescence pathway activation, stress and metabolic responses,
genomic stability and cell viability (Anderson et al., 2008; Bennett et al., 2007; Cho et al.,
2007; Harjes and Wanker, 2003; Kaltenbach et al., 2007; Li et al., 2007b; Roze et al., 2007;
Sadri-Vakili and Cha, 2006; Stack et al., 2007). Interestingly, the SIRT1 NAD-dependent
HDAC is deregulated in several neurodegenerative disease mouse models associated with
dysfunction of seminal non-histone transcriptional regulators (Kim et al., 2007a). In addition,
multiple components of the MAPK pathway are impaired in vulnerable neurons in
neuropathological specimens of Alzheimer’s disease associated with the establishment of a
labile state of neuronal differentiation (Arendt, 2000). Treatment with HDAC inhibitors and
DNA/RNA-binding anthracyclines that affect nucleosome positioning have shown positive
effects on behavioral measures, neuroprotection, nucleosome remodeling and associated
chromatin dynamics and transcriptional profiling in various Huntington’s disease and also
additional neurodegenerative disease animal models (Abel and Zukin, 2008; Stack et al.,
2007). By contrast, over expression of HDAC6 suppresses the neurodegenerative phenotype
associated with ubiquitin proteasomal system dysfunction, in selective trinucleotide repeat
disorders and in animal models associated with Alzheimer’s disease pathology (Pandey et al.,
2007). Moreover, huntingtin represents a nucleocytoplasmic chaperone for the neuronal gene
silencer, REST/NRSF, and mutant huntingtin is impaired in its ability to sequester REST in
the cytoplasm (Zuccato et al., 2003). In Huntington’s disease cells, animal models and human
post-mortem specimens, there is increased binding of REST at multiple RE1 consensus
sequences and genomic loci resulting in significantly reduced transcription of REST-related
genes associated with diverse impairments in cellular specification and maturation both within
and outside of the nervous system without corresponding changes in overall cellular levels of
REST expression (Zuccato et al., 2007). Ectopic nuclear expression of REST in Huntington’s
disease models also leads to deregulation of an integrated miRNA pathway regulating neuronal
cell identity and neural connectivity (Johnson et al., 2008). These findings suggest that an
additional mechanism underlying transcriptional and post-transcriptional dysregulation and
complex chromatin abnormalities in Huntington’s disease is impairment in the genome-wide
deployment of higher-order macromolecular REST-associated chromatin remodeling
complexes and pervasive but selective alterations in gene regulation as well as global cellular
homeostasis (Ballas and Mandel, 2005; Otto et al., 2007). These overall observations suggest
that complex but selective profiles of alterations in chromatin dynamics and postProg Neurobiol. Author manuscript; available in PMC 2009 December 11.
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transcriptional processing occur in individual neurodegenerative diseases through a diverse
array of pathogenic mechanisms and therefore give rise to a broad spectrum of progressive
cellular abnormalities culminating in selective neurodegeneration.
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Alterations in RNA regulatory circuitry have also recently been identified as important
mechanisms in the pathogenesis of neurodegenerative diseases (Hebert and De Strooper,
2007; Mehler and Mattick, 2007; Mirkin, 2007; Nelson et al., 2008b; Osborne and Thornton,
2006; Pearson et al., 2005). In Drosophila, a specific miRNA (ban) exerts neuroprotective
actions (Bilen et al., 2006). Ablation of miRNA biosynthesis pathways in Dicer deficient mouse
models results in neurodegeneration of cerebellar Purkinje cells, concomitant loss of cerebellar
granule neurons and associated ataxia, without immediate and earlier effects on cellular
physiology (Schaefer et al., 2007). miRNA deficiencies have also been associated with
spinocerebellar ataxia type 3 (SCA3)- and microtubule-associated protein tau (MAPT)-related
neurodegeneration (Bilen et al., 2006; Nelson et al., 2008b). MiR-133b is normally enriched
in the midbrain and suppresses full differentiation of dopaminergic neurons in vitro,
participates with the transcriptional regulator, Pitx3 in a negative feedback loop regulating the
maturation of dopaminergic neurons, and miR-133b is selectively down regulated in
neuropathological specimens in Parkinson’s disease (Kim et al., 2007b). In Tourette’s
syndrome, there is sequence variation in the binding site for miR-189 in the 3’ UTR of the
neuronal SLIT and Trk-like family member 1 (SLITRK1) gene (Abelson et al., 2005).
Moreover, there is a sequence variation in the 3’ UTR of the fibroblast growth factor 20 (FGF
20) gene causing disruption of the binding site for miR-433, enhanced translation of FGF 20
and associated increased expression of α-synuclein, thereby conferring greater susceptibility
to Parkinson’s disease (Wang et al., 2008a). Amyloid precursor protein (APP) and αsynuclein genes that are mutated in familial forms of Alzheimer’s and Parkinson’s disease,
respectively, both have 3’ UTRs that are targeted by a spectrum of diverse miRNAs that
participate in complex gene and neural regulatory pathways (Nelson et al., 2008b). Similarly,
the 3’ UTR of the β-amyloid precursor protein-cleaving enzyme 1 (BACE1) gene has at least
five distinct miRNA target sites, and early down regulation of expression of miR-107 in cortical
lamina associated with pathological changes in Alzheimer’s disease may accelerate disease
progression through modulation of BACE1 actions (Wang et al., 2008b). Additional miRNAs
that are deregulated in Alzheimer’s disease are normally associated with complex regional
patterns of expression associated with areas underlying learning and memory and complex
cognitive functions, target synaptic plasticity genes and recapitulate neurodevelopmental
profiles of expression (Cogswell et al., 2008; Kim et al., 2004; Kosik, 2006; Krichevsky et al.,
2003). MiRNAs have intricate and unique roles in stress adaptations that are central pathogenic
components of all neurodegenerative diseases and they also participate in a broad array of
epigenetic regulatory events including multiple interrelated components of post-transcriptional
processing that are known to be deregulated in different subclasses of neurodegenerative
diseases (Nelson et al., 2008b). In sporadic amyotrophic lateral sclerosis (ALS), but not in
familial ALS with superoxide dismutase 1 (SOD1) mutations or in spinal bulbar muscular
atrophy, there is selective impairment within motor neurons of RNA editing at the Q/R site of
the ionotropic glutamate AMPA receptor subunit, GluR2 resulting in enhanced calcium
permeability and excitotoxicity culminating in neurodegeneration (Kawahara et al., 2006).
Microsatellite expansion diseases, particularly those harboring certain sequence repeats, have
a propensity to form intramolecular DNA and RNA hairpin structures that cause genomic
instability and novel RNA gain-of-toxic-function effects, respectively (Kovtun et al., 2007;
Legendre et al., 2007; Li et al., 2008b; Lim et al., 2008; Mirkin, 2007; Osborne and Thornton,
2006; Pearson et al., 2005). These unusual and previous unrecognized aberrant structural
features disrupt DNA replication, repair and recombination as well as diverse posttranscriptional regulatory events including alternate splicing mediated by different classes of
ncRNAs (Kelkar et al., 2008; Kovtun and McMurray, 2008; Mirkin, 2007; Osborne and
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Thornton, 2006; Pearson et al., 2005). The expansion of repetitive elements may serve as a
sink to sequester RBPs and their cargo as well as additional proteins and protein complexes,
thereby disrupting the stoichiometric balance between specific gene transcripts and related
binding proteins and other disease-associated proteins (Li et al., 2008b; Lim et al., 2008;
Mirkin, 2007; Osborne and Thornton, 2006). The ensuing microaggregates may display
complex profiles of subcellular distribution, particularly if the mutations create or eliminate
recognition elements for RBPs or miRNAs (Mirkin, 2007; Osborne and Thornton, 2006). This,
in turn, alters the localization of key regulatory factors, such as splicing factors, in selected
disorders including myotonic dystrophy and causes a reversion to the splicing profiles normally
observed only in more immature tissues (Osborne and Thornton, 2006). Changes in the balance
of native protein complexes associated with the normal and the expanded repeat-containing
proteins may modify their functional roles in promoting or deregulating seminal cellular
processes (Kovtun and McMurray, 2008; Li et al., 2008b; Lim et al., 2008; Mirkin, 2007;
Pearson et al., 2005). The different types of repeat expansions as well as their genomic
coordinates within coding regions, 5’/ 3’ UTRs, introns and promoter/enhancer elements play
a major role in the dynamic profiles of repeat expansion occurring during specific
developmental and proliferative states, in the context of intergenerational and somatic
transmission, following exposure to potentially deleterious environmental agents and with
respect to the types of RNA gain-of-toxic-functional states exhibited (Kovtun and McMurray,
2008; Mirkin, 2007; Osborne and Thornton, 2006; Pearson et al., 2005). The unusual RNA
structural features present in these diseases result in abnormal profiles of protein sequestration,
RNA degradation and chromatin silencing, the latter through the process of RNA-induced gene
silencing mediated by antisense transcription and interactive histone modifications (Mirkin,
2007; Osborne and Thornton, 2006; Pandey et al., 2007; Pearson et al., 2005). In post-mitotic
neurons, age-dependent repeat expansion is facilitated by attempts to repair oxidative DNA
damage, resulting in escalating cycles of DNA excision repair and dependent on a single base
excision repair enzyme (8-oxoguanine DNA glycosylase 1: OGG1) (Kovtun et al., 2007). This
aberrant DNA repair process occurs in Huntington’s disease, thereby establishing direct
molecular links between oxidative damage, DNA repair pathways and neurodegeneration
(Kovtun et al., 2007). Repeat expansion disorders exhibit very heterogeneous clinical and
pathological profiles including those encompassing a spectrum of neurodegenerative,
neuromuscular and neurodevelopmental disorders (Mirkin, 2007; Osborne and Thornton,
2006; Pearson et al., 2005). While trinucleotide repeat disorders comprise the largest disease
category, there are also examples of larger repeat expansions including tetranucleotides
(myotonic dystrophy, type 2), pentanucleotides (spinocerebellar ataxia 10), minisatellites
(progressive myoclonic epilepsy 1) and megasatellites (fascioscapulohumeral muscular
dystrophy, type 1A) (Legendre et al., 2007; Mirkin, 2007; Sposito et al., 2005). These repeat
expansion disorders also display complex maternal and paternal forms of transmission and
minimal and alternate neurological symptoms/signs and disease manifestations due to the
progressive effects of repeat length expansions on disease threshold through the expression of
pre-mutations and proto-mutations, respectively (Kovtun and McMurray, 2008; Medica et al.,
2007; Mirkin, 2007; Pearson et al., 2005). RNA-mediated dysfunction may also be prominent
in different forms of ataxia with oculomotor apraxia (AOA), early-onset forms of autosomal
recessive spinocerebellar ataxias due to mutations in aprataxin, a HIT superfamily DNA/RNA
binding and nucleotide hydrolase (AOA1) and senataxin, a DNA/RNA helicase (AOA2) that
is also associated with familial juvenile ALS (Chen et al., 2006b; Gueven et al., 2007; Kijas
et al., 2006; Schols et al., 2008). Moreover, alterations in axodendritic transport that are
prominent features of Huntington’s disease and associated disorders may further alter the
fidelity of axonal growth cone and mature synaptic terminal RNA editing and RNA-directed
DNA recoding, thereby predisposing to neurodegeneration through alterations in
developmental neuronal wiring, increased susceptibility to synergistic environmental risk
factors as well as disruptions to synaptic plasticity and progressive memory formation (Harjes
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11. Epigenetic principles underlying cellular transformation and
neurooncology
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Systemic cancers are associated with a spectrum of genome-wide epigenetic alterations that
promote tumor initiation, progression, invasion, metastasis, drug resistance, subversion of
immunosurveillance and progressive genomic instability (Calin and Croce, 2007; Esteller,
2008; Koebel et al., 2007; Ting et al., 2006). In addition, recent studies suggest that cell
transformation requires intricate and cooperative modulation of downstream oncogenic
signaling pathways through synergistic modulation of hierarchies of cell and gene regulation
involving a limited number of “cooperation response genes” and the employment of a subset
of “cancer-initiating cells” with aberrant stem and progenitor cell properties that are in a
relatively quiescent state and are responsible for tumor maintenance (Ito et al., 2008; McMurray
et al., 2008). The cancer epigenome is central to these interrelated pathogenic processes and
is characterized by complex alterations in DNA methylation, histone code modifications,
nucleosome and chromatin remodeling, expression and function of ncRNAs particularly
miRNA biogenesis and function, RNA editing and DNA recoding, post-transcriptional RNA
processing and long-range epigenetic silencing (Calin and Croce, 2007; Clark, 2007; Esteller,
2007a; b; Nicoloso and Calin, 2008; Paz et al., 2007; Scholzova et al., 2007; Ting et al.,
2006; Vartanian et al., 2008; Wang et al., 2007a; b). These progressive and self-sustaining
epigenetic lesions promote silencing of tumor suppressor genes, activation of oncogenes and
deregulation of genes and genomic loci involved in stem cell self renewal and clonal and
polyclonal expansion (tumor progenitor genes), cell cycle progression, cell survival and
apoptosis, growth suppression and senescence, tissue-selective lineage specification and
differentiation, angiogenesis, maintenance of germ-line integrity, genomic imprinting, DNA
damage sensing and repair, telomere maintenance, cellular stress responses, control of parasitic
repetitive elements and prevention of non-instructive recombination events (Calin and Croce,
2007; Clark, 2007; Esteller, 2007a; b; Nicoloso and Calin, 2008; Paz et al., 2007; Postovit et
al., 2007; Scholzova et al., 2007; Ting et al., 2006; Vartanian et al., 2008; Wang et al.,
2007a; b). Recent studies have utilized these enormous conceptual and experimental advances
in tumor biology to begin defining epigenetic alterations associated with specific types of
neural tumors and thus to begin to define disease pathogenesis and to identify novel molecular
targets as early biomarkers and for innovative therapeutic applications.
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Glioblastomas have recently been shown to exhibit complex alterations in gene expression
profiles associated with inactivation of tumor suppressor genes, aberrant activation of
protooncogenes and selective or sequential alterations in the expression and function of other
classes of genes involved in tumor initiation and progression (Esteller, 2007a; 2008; Hesson
et al., 2004; Kim et al., 2006b). Aberrant epigenetic silencing in these CNS tumors is frequently
mediated by hypermethylation of promoter-associated CpG islands, by repressive histone
modifications, by imprinting-associated gene allele inactivation (LOH: “loss of
heterozygosity”) and by additional epigenetic mechanisms (Calin and Croce, 2007; Esteller,
2007a; 2008; Hesson et al., 2004; Kim et al., 2006b; Nicoloso and Calin, 2008; Paz et al.,
2007). Mutations in genes encoding epigenetic modifying machinery (HDACs, nucleosome
assembly factors and histone chaperones) are also seen in gliomas and may predict responses
to certain classes of epigenetic therapeutic agents (Esteller, 2007a; 2008; Hesson et al., 2004;
Kim et al., 2006b). The profiles of epigenetically mediated changes in gene expression may
evolve over time and may therefore reflect both the earliest initiating pathogenic events as well
as increasing degrees of dedifferentiation and invasiveness (Hesson et al., 2004; Kim et al.,
2006b; van den Boom et al., 2006; Waha et al., 2005). Moreover, changes in expression of
multiple deregulated genes may reflect both independent and linked as well as evolving
Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 31

NIH-PA Author Manuscript
NIH-PA Author Manuscript

epigenetic processes (Hesson et al., 2004; Kim et al., 2006b; van den Boom et al., 2006).
Glioblastoma tumor-initiating cells (TICs) have been identified with properties resembling
neural stem cells (Lee et al., 2008; Nakano and Kornblum, 2006; Nakano et al., 2008; Vescovi
et al., 2006). A subset of these TICs (type II) exhibit down regulation of expression of the bone
morphogenetic protein receptor, type 1B (BMPR1B), normally associated with inhibition of
proliferation and promotion of astroglial differentiation, through BMPR1B promoter
hypermethylation and additional epigenetic silencing mediated by the H3K27
methyltransferase, EZH2, a component of the PcG2/3 repressor chromatin remodeling
complex (Lee et al., 2008). Over expression of the glial lineage transcriptional regulator, Olig2
also promotes the elaboration of glioblastoma stem cells, in part, by repression of the
p21WAF1 tumor suppressor gene (Ligon et al., 2007). Tumor-initiating cells with stem cell
properties have also been identified in oligodendrogliomas, medulloblastomas and
ependymomas and may be fostered by complex epigenetic alterations that impair the normal
signaling interactions between regional neural stem cells and their vascular niches to create a
fertile tumor microenvironment through age-related deterioration of the stem cell niche and
epigenetic “rewiring” of TIC signal transduction pathways to promote multi-drug resistance
(Gilbertson and Rich, 2007; Vescovi et al., 2006). NcRNAs, particularly miRNAs, are also
deregulated in glioblastomas and exhibit specific miRNA “fingerprints” (Calin and Croce,
2007; Nicoloso and Calin, 2008). miR-21, miR-221 and miR-222 are all over expressed in
glioblastomas and associated cell lines, whereas the brain-enriched miR-128 and miR-181a-c
are down regulated (Nicoloso and Calin, 2008). MiR-21 represents an oncogenic miRNA that
functions in association with constitutively active signal transducer and activator of
transcription (STAT3) intracellular signaling, targets several tumor suppressor genes and
blocks expression of apoptosis-associated genes (Chan et al., 2005; Nicoloso and Calin,
2008). By contrast, over expression of miR-221/222 promotes the development of
glioblastomas by direct suppression of p27KIP1 through cell cycle deregulation with associated
G1 arrest (Nicoloso and Calin, 2008).
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Recent novel combination epigenetic therapeutic strategies using locked-nucleic-acid (LNA)modified oligonucleotides to silence miR-21 in concert with neural progenitor cell-secretable
variants of the cytotoxic tumor necrosis factor-related apoptosis inducible ligand (TRAIL),
combined anti-miR-21/221-222 oligonucleotides and targeting of ultraconserved genomic loci
associated with these miRNA clusters have shown promising results in glioblastomas
(Nicoloso and Calin, 2008). There is significant global RNA hypoediting of Alu repetitive
elements in glioblastomas with cancer gene-specific editing profiles (Paz et al., 2007). These
findings correlate with down regulation of ADAR1-3 gene expression levels, and with
corresponding profound reductions in ADAR3 transcript expression that are linked to enhanced
tumor aggressiveness (Paz et al., 2007). In addition, hypoediting of the glutamatergic AMPA
receptor, GluR2 is observed in high-grade glioblastoma multiforme but not in low-grade
astrocytomas (Paz et al., 2007). Moreover, down regulation of ADAR2-mediated RNA editing
is a feature of pediatric astrocytomas and correlates with the grade of malignancy (Cenci et al.,
2008). Interestingly, in these childhood tumors ADAR 2 exhibits normal expression whereas
ADAR1 and 3 exhibit enhanced expression profiles, and selective deregulation of ADAR1/3
expression is thought to interfere with ADAR2 specific editing activity (Cenci et al., 2008).
By contrast, down regulation of ADAR1-3 expression is seen in oligodendrogliomas, with the
selective targeting of ADAR3 revealing novel roles for this unusual RNA editing enzyme in
translational regulation through modulation of double-stranded RNA-activated protein kinase
(PKR) and the translational initiation factor, eIF2a (Paz et al., 2007). Recent studies suggest
additional roles for single- and double-stranded RBPs in glioma formation by competing with
RNA editing and related enzymes (Paz et al., 2007). Over expression of ADAR1 and ADAR2
in a glioblastoma multiforme cell line reduces cellular proliferation, indicating a direct role for
RNA editing in neural tumor pathogenesis (Paz et al., 2007).
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Epigenetic inactivation of multiple tumor suppressor genes is observed in a large proportion
of medulloblastomas due, in large part, to promoter and associated 5’ UTR hypermethylation
(Lindsey et al., 2005; Lindsey et al., 2004; Waha et al., 2007; Waha et al., 2003). The profiles
of aberrant methylation are complex and reflect multiple epigenetic mechanisms that
differentially target specific classes of genes involved in the establishment and progression of
this childhood tumor derived from cerebellar granule precursor cells (Fogarty et al., 2005;
Leung et al., 2004).
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Treatment with DNA methyltransferase inhibitors frequently reverses the epigenetic-mediated
silencing observed in meduloblastoma cells (Lindsey et al., 2004; Waha et al., 2007; Waha et
al., 2003). In medulloblastomas, there is also epigenetic deregulation of multiple S100 gene
family members, involved in cell growth, cell cycle regulation, differentiation, transcription
and cell motility, with differential hypo- and hyper-methylation within their promoter CpG
islands (Lindsey et al., 2007). Some of the methylation changes observed in these genes in
medulloblastomas reflect alterations of the normal epigenetic developmental program of
methylation, whereas others appear to reflect de novo alterations associated with the
appearance of aggressive anaplastic tumors (S100A6 hypermethylation) or progression to
metastasis (S100A4 hypomethylation) (Lindsey et al., 2007). A wide variety of epigenetically
mediated recombination events are also prominent features of medulloblastomas and result in
complex profiles of deregulated gene expression and function (Ellison, 2002; Lindsey et al.,
2004). The PcG transcriptional repressor, Bmi1, involved in stem cell self-renewal, is over
expressed in medulloblastomas as are the developmental sonic hedgehog (Shh) transcriptional
modulators, Gli1-3, whereas the Shh receptor subunits are differentially impaired: smoothened
(Smo) is activated while patched (Ptc) is either over expressed or inactivated due to loss of
heterozygosity (Fogarty et al., 2005; Leung et al., 2004). During early development of the
cerebellum, Shh is essential for up regulating expression of Bmi1 with resultant expansion of
the pool of cerebellar granule cell precursor cells, and Shh signals through intricate feedback
regulation of Ptc and Smo and also complex engagement of dual activator/repressor functions
of Gli proteins (Fogarty et al., 2005; Leung et al., 2004). Therefore, epigenetic promotion of
medulloblastoma initiation and progression appears to subvert the normal cerebellar stem and
progenitor cell developmental program (Fogarty et al., 2005). The more aggressive
supratentorial primitive neuroectodermal tumors (PNETs) but not medulloblastomas exhibit
high frequencies of promoter hypermethylation of the cyclin-dependent kinase inhibitors,
p14ARF and P16INK4, both encoded at the CDKN2A locus, and also selective epigenetic
inactivation of the tumor suppressor gene, DLC-1 that is involved in Ras-mediated cell
transformation, growth, migration, apoptosis and cytoskeletal organization (Inda et al., 2006;
Pang et al., 2005). Although CpG promoter hypermethylation is important in epigenetic
silencing of DLC-1, there is recent evidence that histone deacetylation precedes DNA
methylation, thereby illustrating the complex epigenetic crosstalk that occurs in brain tumor
initiation and progression (Kim et al., 2003). In rhabdoid tumors of the brain, there is biallelic
loss of the SNF5 gene, encoding an ATP-dependent chromatin remodeling factor normally
involved in regulating cellular proliferation, cell cycle progression, DNA damage repair and
maintenance of genomic stability (Versteege et al., 1998; Wang et al., 2007b).
In meningiomas, there is evidence of altered genomic imprinting of the fetal growth factor,
IGF2 and the tumor suppressor ncRNA, H19, as well as chromosomal translocation involving
the MN1 gene, encoding a transcriptional co-activator, which may inactivate MN1 functions
and those of adjacent miRNAs such as miR-180 (Calin and Croce, 2007; Muller et al., 2000).
The pathogenesis of meningiomas also involves biallelic inactivation of the neurofibromatosis
type 2 (NF2) tumor suppressor gene with higher frequency in fibroblastic as compared to
meningothelial subtypes, and loss of expression of the NDRG2 tumor suppressor gene
associated with hypermethylation of the NDRG2 promoter in both high grade (WHO grade III)
and lower grade (grade II) but more aggressive tumors (Hansson et al., 2007; Kalamarides et
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al., 2002; Lusis et al., 2005). Neuroblastoma, an embryonic tumor originating from the neural
crest with complex profiles of spontaneous tumor regression and rapid malignant acceleration,
is associated with promoter hypermethylation and down regulation of expression of several
potential tumor suppressor genes involved in apoptosis signaling pathways, including TRAIL,
caspase 8 and the TRAIL decoy receptors, DCR1-4 (Clark, 2007; Tonini and Romani, 2003).
In addition, neuroblastoma has been linked to aberrant promoter methylation and loss of
heterozygosity of the PHOX2B gene that is associated with dysautonomia syndromes and may
cause impaired differentiation of sympathetic neuroblasts from neural crest precursor cells
(de Pontual et al., 2007). The PHOX2B epigenotype in neuroblastoma is also associated with
impairments in p53/MDM2/p14ARF pathways that may, in part, mediate the complex molecular
and cellular aberrations observed in this neural tumor type (de Pontual et al., 2007). Further,
neuroblastoma is associated with considerable epigenetically mediated genomic instability
including gain of chromosome 17 regions differentially associated with tumor pathogenesis
and progression (Chen et al., 2006a). Candidate genes on restricted regions of chromosome 17
that may contribute to the pathogenesis and the intricate clinicopathological phenotypes
associated with neuroblastoma include WSB1, encoding a hedgehog-inducible ubiquitin ligase
subunit, PPM1D, a negative regulator of the p53 neuronal survival pathway, survivin, an
inhibitor of apoptosis factor, and NME1/2, two metastasis suppressor factors (Chen et al.,
2006a). Moreover, neuroblastomas are associated with pathogenic alterations in RNA editing
in relation to ADAR enzymatic activity profiles and substrate preferences (Scholzova et al.,
2007). In pituitary adenomas, the most common CNS tumor, there is evidence of complex
deregulation of multiple miRNAs involved in modulating cell proliferation and apoptosis, often
as a result of microdeletions that form predictive signatures and help to delineate histiotypes,
microadenomas from macroadenomas and differential response to treatment (Nicoloso and
Calin, 2008). In primary CNS lymphoma (PCNSL), miRNA deregulation occurs by a different
epigenetic mechanism through chromosomal translocation resulting in fusion of the Bcl-6
oncogene to regulatory elements of miR-28 (Calin and Croce, 2007). Moreover, PCNSL is
associated with promoter hypermethylation of up to 14 distinct tumor suppressor genes
resulting in intricate profiles of epigenetic gene silencing (Chu et al., 2006). Interestingly,
although PCNSLs are predominantly high-grade non-Hodgkin lymphomas of diffuse large Bcell type, the profiles of epigenetic gene deregulation exhibit only incomplete overlap with
those of their systemic counterparts despite the presence of significant genomic instability in
both cases, thereby identifying unique biomarkers that define epigenetically mediated gene
networks selective to PCNSL pathogenesis as well as potential selective epigenetic therapeutic
targets (Chu et al., 2006).

12. Epigenetics and neuroimmunological disorders
NIH-PA Author Manuscript

The nervous system is under continuous immune surveillance by the innate and adaptive
immune systems throughout development and adult life to detect and respond to changes in
cell identity and neural connectivity that underlie the pathogenesis of diverse classes of
neurological disorders (Bailey et al., 2006; Hanisch et al., 2008; Hickey, 2001). Moreover,
deregulation of both adaptive and acquired immune responses, impairment of crosstalk
between these systems as well as alterations in the deployment of innate immune mechanisms
and the development of adaptive immune repertoires can predispose to CNS autoimmunity and
neurodegeneration, including diseases such as multiple sclerosis (MS) that encompass features
of both interrelated pathological processes (Hauser and Oksenberg, 2006; McFarland and
Martin, 2007). Dynamic gene-environmental interactions are essential for appropriate immune
modulation (Hauser and Oksenberg, 2006). It is therefore not surprising that increasing
evidence suggests that the development and deployment of the innate and acquired immune
systems in response to a spectrum of challenges to cellular and systems level functional
integrity and also in the evolution of autoimmunity are mediated by sophisticated and nuanced
epigenetic mechanisms including DNA methylation, histone modifications, nucleosome and
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higher-order chromatin remodeling, ncRNAs particularly miRNAs, RNA editing, DNA
recoding and dynamic nuclear reorganization (Akimzhanov et al., 2007; Ballestar et al.,
2006; Brooks, 2005; Gantier et al., 2007; Kleinman et al., 2008; Knudsen et al., 2007; Lodish
et al., 2008; Lu et al., 2008; Parseghian and Luhrs, 2006; Sawalha, 2008; Wilson and
Merkenschlager, 2006). For example, miRNAs play fundamental roles in the development of
the immune system, in mediating innate and adaptive immune responses, in modulating
proinflammatory and immunomodulatory cytokines, in promoting regulatory interactions
between innate and adaptive immune systems and between B and T lymphocyte developmental
as well as mature species (Lodish et al., 2008). Moreover, through employment of diverse posttranscriptional mechanisms miRNAs fine-tune levels of gene expression and integrated gene
networks to regulate T cell sensitivity to antigens necessary to orchestrate both tolerance and
immunity and to differentially modulate Toll-like receptors (TLRs) and associated innate
immune responses to control the behavior of diverse infectious agents, including mediating
viral tropism and co-regulation of viral and host RNAs (Hanisch et al., 2008; Lodish et al.,
2008). Both DNA recoding as well as RNA editing enzymes are involved in the elaboration
and diversification of the B cell antibody repertoire through the processes of somatic
hypermutation, class switch recombination and gene conversion (Franklin et al., 2004; Honjo
et al., 2005). The specification, maturation and deployment of specialized T cell subsets,
particularly those involved in the initiation (TH1) and propagation (TH17) of immune-mediated
CNS injury in MS, are modulated by dynamic epigenetic remodeling of gene regulatory regions
and by long-distant intra- and inter-chromosomal interactions controlling the expression
profiles of an interrelated spectrum of immunoeffector cytokines through the mediation of
DNA methylation, histone modifications, nucleosome and chromatin remodeling and multiple
classes of ncRNAs (Akimzhanov et al., 2007; Brooks, 2005; Gray and Dangond, 2006; Lodish
et al., 2008; Lu et al., 2008; Mameli et al., 2007; Sawalha, 2008; Shi et al., 2007a; Steinman,
2007; Wilson and Merkenschlager, 2006). Moreover, diverse environmental toxins acting
through a promiscuous environmental sensor, the ligand-activated aryl hydrocarbon receptor,
differentially promote the maturation of TH17 versus Treg cells, the latter involved in immune
tolerance, to exacerbate or suppress animal models of MS, respectively (Quintana et al.,
2008; Veldhoen et al., 2008). Recent evidence suggests that extracellular trafficking of
ncRNAs, particularly small interfering RNAs, can selectively modulate features of the innate
immune system through direct interactions with TLRs (Kleinman et al., 2008). Moreover,
additional components of the innate immune system, such as the complement cascade, as well
as those of the adaptive immune system, including MHC class I molecules expressed on
neurons, individually and collectively mediate CNS synapse elimination and developmental
synapse refinement (Huh et al., 2000; Stevens et al., 2007). These seminal immune-associated
neural developmental processes may be regulated by distinct epigenetic mechanisms whose
deregulation could play an important role in the pathogenesis of the primary neurodegenerative
features seen in MS (Kumar et al., 2007; Lodish et al., 2008; Stevens and Bradfield, 2008).
Autoimmunity has been increasingly linked to targeted deregulation of a spectrum of these
diverse and interrelated epigenetic mechanisms, and use of epigenetic therapeutic agents
including DNA methylation and HDAC inhibitors in humans and RNA-mediated interference
in experimental animal models may help to reverse these complex pathogenic processes (Gray
and Dangond, 2006; Kaiko et al., 2008; Love et al., 2008; Lu, 2006; Lu et al., 2007). Moreover,
MS encompasses the interrelated features of CNS inflammation, immune-mediated
demyelination and neurodegeneration, and additional etiological clues suggest that it may well
represent an emerging class of epigenetic disorders because of the presence of intricate geneenvironmental interactions and developmental critical periods, gender differences, phenotypic
diversity, modest risk heritability, changing incidence patterns, pathological thresholds,
complex profiles of deregulation of gene networks in neuropathological specimens and
multiple genomic variants of interest (Brooks, 2005; Fontaine and Barcellos, 2008; Gray and
Dangond, 2006; Hauser and Oksenberg, 2006; Knudsen et al., 2007; Maier et al., 2007; Mameli
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et al., 2007; Mycko et al., 2004; Scarisbrick, 2008; Shi et al., 2007a). Studies of HDAC
inhibitors in animal models of MS suggest that these epigenetic modifiers may be protective
through multiple interrelated and independent mechanisms that promote anti-inflammatory,
immmunomodulatory and neuroprotective effects by altering the gene expression profiles of
key signal transduction effectors, pro-inflammatory and immunomodulatory cytokines, MHC
class II proteins, T cell receptor co-stimulatory molecules, matrix remodeling agents, and
neuronal differentiating and pro- and anti-apoptotic factors (Gray and Dangond, 2006). Recent
association studies have identified significant MS risk alleles including those that code for
cytokine receptor subunits known to be under epigenetic control and to be essential for neuronal
development, thereby underscoring the potential importance of immune-mediated injury acting
on an abnormal nervous system, possibly due to neural developmental alterations established
in concert with environmental triggers during a critical period of heightened vulnerability in
susceptible individuals (Begovich et al., 2007; Hafler et al., 2007; Mehler and Kessler, 1997).
Interestingly, allelic variants of T cell receptor genes with polymorphisms in their 3’ UTRs,
representing molecular platforms for mediating the actions of ncRNAs including miRNAs and
their post-transcriptional regulatory circuitry, display altered signaling thresholds and
responsiveness to T cell receptor stimuli that may underlie increased susceptibility to
autoimmune diseases such as MS (Maier et al., 2007; Sandberg et al., 2008). Interestingly,
after activation of CD4+ T lymphocytes there is a proliferation-associated increase in the
profiles of expression of mRNAs with shortened 3’ UTRs, suggesting dynamic epigeneticallymediated reorganization of miR-associated signaling networks that orchestrate cell cycle
progression (Sandberg et al., 2008). Deregulation of expression of β-arrestin-1, a
multifunctional adapter protein that regulates the survival of activated CD4+ T cells through
modulation of histone H4 acetylation at the bcl2 anti-apoptotic gene is associated with
increased susceptibility to autoimmune diseases including MS (Shi et al., 2007a). There is also
accumulating evidence that MS may be associated with excess DNA damage and impaired
DNA repair resulting in loss of genomic stability and epigenetic control, with tissue-specific
consequences including the development of auto-antigens and an evolving autoimmune
response profile (Brooks, 2005). Regions of the X chromosome, particularly Xp22.1 that
contain genes mediating the spermine synthase and polyamine synthesis pathway have the
potential to become deregulated (Brooks, 2005). Further exacerbation of these molecular
lesions by stress and environmental triggers including viruses may result in: altered DNA
methylation and histone code modifications, inappropriate activation of parasitic repetitive
elements (Alu, LINE-1 and HERV-W), associated genomic instability and improper gene
activation and deployment of diverse gene regulatory networks, altered DNA and RNA
conformational profiles with impaired functioning of ncRNAs and RNA editing and DNA
recoding and spermine-mediated disruption of the integrity of the blood-brain-barrier, and
impaired myelin formation and neuronal excitability and cell viability (Brooks, 2005).
Interestingly, HERV-W expression is increased in MS patients and may occur through
deregulation of the expression and function of sense/antisense regulatory ncRNAs (Mehler and
Mattick, 2007; Perron et al., 2005). Moreover, syncytin-1, a gene present at an MS susceptibility
locus, encodes an envelope glycoprotein of a member of the W family of HERV repetitive
elements (Mameli et al., 2007). Proinflammatory cytokines that promote MS progression
activate whereas immunomodulatory cytokines that are protective against MS progression
inhibit the activation of the relevant HERV-W promoter (Mameli et al., 2007). Furthermore,
skewing of X-chromosome inactivation may be the result of an imbalance of longer ncRNAs
and has been observed in female MS patients who have primary or secondary progressive but
not relapsing and remitting disease profiles; this epigenetic phenomenon may be linked to loss
of immunological tolerance to X-linked self-antigens (Knudsen et al., 2007; Mehler and
Mattick, 2007).
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The predisposition to and the development of cerebrovascular diseases involve the dynamic
interplay between environmental and intrinsic vascular, systemic and CNS risk factors.
Increasing evidence suggests that disruption of these homeostatic and plasticity events involves
an array of deregulated epigenetic processes including DNA methylation, histone
modifications and chromatin remodeling, ncRNAs, RNA editing, transcriptional
dysregulation, inappropriate allelic expression (LOI: “loss of imprinting”), microsatellite and
genomic instability and aberrant telomere attrition (Formisano et al., 2007; Jover-Mengual et
al., 2007; Kittler, 2006; Peng et al., 2006; Stenvinkel et al., 2008; Takami et al., 2007). Transient
global cerebral ischemia (TGCI) following systemic hypoperfusion is associated with selective
and delayed death of hippocampal CA1 pyramidal neurons through the mediation of a series
of parallel epigenetic processes (Abel and Zukin, 2008; Formisano et al., 2007; Jover-Mengual
et al., 2007; Peng et al., 2006). Within vulnerable neurons, there is selective down regulation
of ADAR2 and defective Q/R site editing of the ionotropic glutamatergic AMPA, GluR2
receptor subunit, resulting in the expression of the death-promoting calcium permeable GluR2
isoform and associated impairment in GluR2 mRNA and protein expression, receptor
assembly, membrane trafficking and synaptic targeting (Peng et al., 2006). Heterogeneity in
ADAR2-mediated GluR2 Q/R site editing enhances the vulnerability of hippocampal CA1
pyramidal neurons to global ischemia-associated neurodegeneration (Peng et al., 2006). In
parallel, TGCI induces the selective expression of REST within these vulnerable neurons with
associated suppression of GluR2 and the CA1-selective μ-opioid receptor 1 (MOR1) in
inhibitory interneurons through a series of histone modifications, including MOR1 promoter
H3/4 deacetylation, H3K9 dimethylation and associated recruitment of the G9a histone
methyltransferase (Formisano et al., 2007). This has been postulated to represent a failed
attempt of inhibitory interneurons to dampen the excitotoxicity of CA1 pyramidal neurons by
disinhibiting GABA release (Formisano et al., 2007). Ischemia-induced alterations in the
histone code may be the result of early dephosphorylation and inactivation of components of
the neuronal ERK1 and CREB1 signal transduction pathways that simultaneously reduce
expression of the anti-apoptotic, bcl2 gene and activate expression of the pro-apoptotic, caspase
3 effector pathway (Jose and Hunter, 2007). There is also evidence that the more common type
of focal stroke syndrome due to occlusion of the middle cerebral artery is associated with
aberrant DNA methylation and histone H3 deacetylation, and that systemic administration of
a potent HDAC inhibitor reduces the volume of the ischemic infarction whereas concurrent
application of an HDAC inhibitor with a DNA demethylating agent confers neuroprotection
against mild but not severe ischemic injury (Endres et al., 2000; Faraco et al., 2006). Increasing
evidence suggests that intricate epigenetic processes may also operate to modulate pre-morbid
vascular pathology and responses to agents that attenuate ischemic risk factors. For example,
a novel deubiquinating enzyme, ubiquitin carboxyl-terminal hydrolase L1 (UCHL1), mutated
in a rare inherited form of Parkinson’s disease, is normally present in vascular endothelial cells
of atherosclerotic lesions of human carotid arteries and attenuates pathological vascular
remodeling by inhibiting tumor necrosis factor α-induced NF-κB activation (Takami et al.,
2007). Interestingly, the normal balance of transcriptional activity and associated histone
acetylation and methylation that is disrupted in cerebral ischemia depends, in part, on
maintenance of the balance of histone H2A and H2B mono-ubiquitylation that is mediated
through the actions of UCHL1 (Setsuie and Wada, 2007). Moreover, statins have recently been
shown to act through inhibition of HDAC activity and associated enhancement of histone H3
acetylation (Lin et al., 2008).

14. Epigenetics and neuropsychiatric diseases
A broad range of epigenetic alterations has recently been identified in diverse neuropsychiatric
conditions (Abdolmaleky et al., 2005; Canli et al., 2006; Colvis et al., 2005; Kan et al., 2004;
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Mill and Petronis, 2007; Mill et al., 2008; Perkins et al., 2005; Renthal et al., 2007; Tamura et
al., 2007; Tsankova et al., 2007). Down regulation of transcript and protein levels of reelin, an
extracellular matrix protein important in neural development and synaptic plasticity, is
observed in inhibitory interneurons of the prefrontal cortex, hippocampus and cerebellum in
bipolar illness and in schizophrenia associated with enhanced promoter methylation and
increased levels of the maintenance DNA methyltransferase, DNMT1 (Levenson et al.,
2008; Tamura et al., 2007). The exact nature of the psychiatric disorder appears to be
determined by the type of derangement in DNMT1 expression (Levenson et al., 2008; Tamura
et al., 2007). Recent studies have indicated the presence of genome-wide psychosis-associated
methylation abnormalities in the frontal cortex affecting numerous genomic loci involved in
glutamatergic and GABAergic neurotransmission, brain development, mitochondrial function
and stress responses (Mill et al., 2008). Mutations in MeCP2 may also lead to schizophrenia
through related epigenetic mechanisms (Burmistrova et al., 2007; Cohen et al., 2002;
Shibayama et al., 2004). Treatment with valproate, a mood stabilizer and HDAC inhibitor,
results in enhanced reelin expression, reduced reelin promoter methylation and attenuation of
schizophrenia-associated behaviors in methionine-induced epigenetic model systems (Dong
et al., 2005). The observation of similar effects using other HDAC inhibitor compounds
suggests that histone hypoacetylation may regulate DNMT1 accessibility to promoter regions
or enhance putative DNA demethylase activity (Abel and Zukin, 2008; Levenson et al.,
2008; Tamura et al., 2007; Tsankova et al., 2007). These findings suggest that
hypermethylation, mediated by DNMT1 and additional chromatin-related remodeling
complexes, down regulate multiple genes in GABAergic inhibitory neurons and cause
dysfunction of GABA-mediated neuronal circuitry resulting in alterations in neuronal
oscillatory synchrony and associated neural network dysfunction in schizophrenia (Blatow et
al., 2003; Costa et al., 2007; Ruzicka et al., 2007; Uhlhaas et al., 2008). Both DNMT1 and
HDAC inhibitors have been employed to treat schizophrenia, and the combined use of valproate
and anti-psychotic agents are known to accelerate the anti-psychotic effects (Tremolizzo et al.,
2005). Interestingly, reductions in GAD1 GABAergic gene expression and promoter histone
H3K4 trimethylation, normally associated with gene activation, occur predominantly in
females with schizophrenia in association with a risk haplotype at the 5’ regulatory region of
the GAD1 gene (Huang et al., 2007a). The presence of heterozygosity for mixed-lineage
leukemia 1 (Mll1), a H3K4 methyltransferase expressed in cortical GABAergic neurons,
results in reduced H3K4 methylation at GABAergic gene promoters, whereas GAD1 H3K4
trimethylation and Mll1 gene occupancy is observed in the cerebral cortex of mice treated with
clozapine, an atypical antipsychotic (Huang et al., 2007a). Reversal of the normal
developmental program for prefrontal GABAergic neuronal chromatin remodeling in
schizophrenia and the reestablishment of this molecular hierarchy by antipsychotic treatment
establishes important mechanistic links between epigenetic and developmental dysregulation
of GABAergic neuronal circuitry, alterations of neuronal oscillatory synchrony and neural
network integrity and cognitive impairments in the pathogenesis of schizophrenia (Costa et al.,
2007; Uhlhaas et al., 2008).
Additional epigenetic mechanisms have also been implicated in the pathogenesis of
schizophrenia. Schizophrenia disease genes may encompass abnormal transcriptional units that
disrupt the expression or function of multiple classes of ncRNAs including miRNA biogenesis,
alter post-transcriptional gene processing, promote gene conversion and impair RNA tertiary
conformation (Mehler and Mattick, 2007; Perkins et al., 2005; St Laurent and Wahlestedt,
2007); (Stark et al., 2008). The effects of these complex changes in RNA regulatory circuitry
in schizophrenia include developmental deregulation in the timing, location and expression
levels of genes within integrated gene networks, associated changes in relevant metabolic
pathways and responsiveness of multiple neurotransmitters, neuromodulators and their
associated receptor subtypes, alterations of neural network and synaptic connectivity and
impairment in environmental influences on gene expression, function and associated epigenetic
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modulation (Mehler and Mattick, 2007; Perkins et al., 2005; St Laurent and Wahlestedt,
2007). There is increasing interest in the Disrupted-in-Schizophrenia-1 (DISC1) gene product
that represents a hub protein mediating a diverse spectrum of functions involved in neural
development, adult neurogenesis, synaptic function and plasticity, epigenetic regulatory
pathways, neural network integration and higher order cognitive and behavioral traits (Chubb
et al., 2008; Duan et al., 2007; Leliveld et al., 2008). DISC1 is involved in the overall functions
of the DISC locus, a genetic hotspot for susceptibility to schizophrenia, schizoaffective
disorder, bipolar illness and major depressive disorders as well as the elaboration of complex
cognitive traits (Chubb et al., 2008; Leliveld et al., 2008). Within the DISC locus is the natural
antisense transcript, DISC2, the ncRNA that partially overlaps DISC1 and may regulate its
expression and multifunctional activities through intricate epigenetic regulatory mechanisms
(Chubb et al., 2008). Interestingly, epigenetic-mediated changes to a broad spectrum of
neurotransmitter and neuromodulatory molecules confer susceptibility to schizophrenia and
related disorders (Abdolmaleky et al., 2005). Recently, it was shown that molecular switches
integrating serotonin (5HT[2A]R) and glutamate (mGluR2) receptor signaling pathways that
regulate neocortical sensory gating and are the targets of atypical neuroleptic agents are
differentially altered in major psychosis, including post-mortem brains of untreated
schizophrenics (Gonzalez-Maeso et al., 2008; Snyder, 2008). Additional studies suggest that
complex alterations in parasitic repetitive elements, particularly primate-specific Alu
sequences, result in many of these genome-wide impairments that may underlie the major
psychoses (Kan et al., 2004). These overall observations suggest that schizophrenia and related
disorders may be orchestrated by deregulation of a spectrum of epigenetic mechanisms
resulting in alterations in large numbers of integrated gene networks involved in the
development and elaboration of higher-order cognitive and behavioral functions.
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Bipolar disease exhibits overlaps in genetic susceptibility with schizophrenia and associated
disorders and is characterized by profound changes in circadian rhythms and by neural circuit
instability and enhanced sensitivity to minor environmental and homeostatic cues indicative
of a chaotic system (Berns and Nemeroff, 2003; Newberg et al., 2008; Schloesser et al.,
2008). Risk genes for bipolar disease include a host of receptor genes for serotonin, dopamine
and GABA neurotransmission, glutamate signaling pathways, circadian rhythms and direct
targets of front-line therapeutic agents, namely lithium and valproate (Berns and Nemeroff,
2003; Newberg et al., 2008; Schloesser et al., 2008). These therapeutic agents are synergistic
in regulating the development and deployment of signaling pathways mediating state
transitions associated with dynamic genome-wide alterations in transcriptional regulation,
histone code modifications and chromatin remodeling, neural development, synaptic function
and plasticity, neuroprotection and circadian rhythms (Leng et al., 2008; Newberg et al.,
2008; Schloesser et al., 2008). Interestingly, state-dependent switching in bipolar disease may
be mediated, in part, by environmental-sensitive epigenetically mediated imbalances in
norepinephrine and serotonin within the locus coeruleus, a master regulator of higher-order
cognitive and behavioral functions through massive noradrenergic innervation of the
neocortex, hippocampus, thalamus, hypothalamus and the cerebellum (Berridge and
Waterhouse, 2003; Seager et al., 2005; Wiste et al., 2008). Furthermore, the regulation of
circadian physiology involves the interplay of interrelated transcriptional and translational
autoregulatory feedback loops contained within the suprachiasmatic nucleus of the
hypothalamus and entrained by environmental cues (Belden et al., 2006; Nakahata et al.,
2007). Peripheral tissues contain a multitude of complementary circadian clocks regulated by
the suprachiasmatic nucleus through dynamic changes in chromatin transitions (Belden et al.,
2006; Nakahata et al., 2007). The CLOCK-BMAL1 complex activates clock-associated genes
including cryptochromes (CRYs) whose gene products act as repressors by direct CLOCKBMAL1 interactions (Belden et al., 2006; Hirayama et al., 2007; Nakahata et al., 2007). This
negative feedback loop is facilitated by CLOCK H3K14 acetyltransferase activity that creates
a transcriptionally permissive state for the activation of PER1, 2 and CRY1, 2 genes that
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promote feedback inhibition of CLOCK-BMAL1 expression through the mediation of
HDAC1/2 activities (Belden et al., 2006). Circadian control of chromatin remodeling by
CLOCK involves the dynamic assembly of multimeric protein regulatory complexes through
the influence of metabolic, nutritional, additional environmental and homeostatic signals that
modulate the CLOCK positive feedback limb via intracellular signaling pathways that promote
complementary histone code modifications (Belden et al., 2006; Hirayama et al., 2007;
Nakahata et al., 2007); (Shimba et al., 2005; Yin et al., 2007). BMAL1, in turn, coordinates
and integrates central and peripheral circadian-associated signal transduction pathways
through activation of additional tissue-specific factors that orchestrate parallel circadian
pathways through complementary positive and negative factor feedback loops regulated by
similar histone modifications and chromatin remodeling (Shimba et al., 2005; Yin et al.,
2007). Moreover, the MAPK/ERK signaling pathway appears to link circadian neuronal
activity rhythms to clock gene expression, with activity-dependent activation of MAPK
signaling likely promoting circadian gene expression through histone code modifications
(Akashi et al., 2008). Bipolar disease risk genes include these global regulators of circadian
transitions through signaling pathways that are modulated by lithium and valproate (Leng et
al., 2008; Newberg et al., 2008; Schloesser et al., 2008).
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The effects of life stress on depression are moderated by repeat length variations in the
transcription control region of the serotonin transporter gene, with carriers of the short variant
associated with reduced serotonin uptake and enhanced vulnerability to depressive
symptomatology and suicidal ideation (Canli et al., 2006). This epigenotype modulates
amgdala-prefrontal cortex functional connectivity, thereby suggesting continuing roles in
cognitive processing beyond those mediating affective cues (Canli et al., 2006). Chronic
electroconvulsive therapy (ECT) is associated with chromatin remodeling including enhanced
histone H3 acetylation at selective gene promoters including brain-derived neurotrophic factor
(BDNF) with corresponding increased BDNF transcript and protein expression (Tsankova et
al., 2007; Tsankova et al., 2004). These observations stand in contrast to the epigenetic
modifications mediated by acute ECT that includes histone H4 rather than H3 acetylation
(Tsankova et al., 2007; Tsankova et al., 2004). Chronic social defeat stress results in sustained
down regulation of expression of two BDNF splice variants associated with repressive histone
modifications (H3K27 dimethylation) at the BDNF promoter (Berton et al., 2006; Tsankova
et al., 2007; Tsankova et al., 2006). Interestingly, chronic imipramine antidepressant treatment
reverses the BDNF gene repression by promoting two activating histone modifications (H3
acetylation, H3K4 methylation) rather than by modifying the repressive histone signature,
thereby demonstrating the complex histone crosstalk occurring in response to targeted
therapeutic strategies (Berton et al., 2006; Tsankova et al., 2007; Tsankova et al., 2006). By
contrast, over expression of HDAC5 in the hippocampus of experimental animals prevents the
imipramine-mediated restoration of BDNF expression levels and the associated behavioral
improvements, whereas systemic administration of a non-specific HDAC inhibitor restores the
antidepressant effects (Schroeder et al., 2007; Tsankova et al., 2007; Tsankova et al., 2006). It
is of note that H3K4 demethylation is normally catalyzed by BHC110/LSD1 that is
homologous to monoamine oxidases (MAOs), and application of an MAO inhibitor results in
global H3K4 methylation and transcriptional derepression (Lee et al., 2006; Tsankova et al.,
2007). These observations suggest that antidepressant therapeutic efficacy involves the
complex interplay of several seminal histone modifications at targeted gene loci (Kouzarides,
2007). Offspring of high-nurturing mothers are less behaviorally anxious with attenuated
glucocorticoid responses to stress compared to offspring of low-nurturing mothers and exhibit
evidence of over expression of the glucocorticoid receptor gene in the prefrontal cortex and
the hippocampus associated with a splice variant (GRI7) in the brain-specific promoter
containing the NGFI-A binding site with enhanced NGFI-A expression (Champagne et al.,
2003; Meaney and Szyf, 2005b; Tsankova et al., 2007). Further, in offspring of low-nurturing
mothers increased DNA methylation is already present during the first week of life at the NGFIProg Neurobiol. Author manuscript; available in PMC 2009 December 11.
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A-associated GRI7 site and persists in the absence of application of a HDAC inhibitor that
promotes DNA cytosine demethylation and increased H3 acetylation with enhanced NGFI-A
binding to the GRI7 promoter site (Meaney and Szyf, 2005a; b; Weaver et al., 2004). Crossfostering also reverses the deleterious effects of improper maternal nurturing and the epigenetic
therapeutic effects suggest that significant crosstalk between the processes of DNA methylation
and histone code modifications are of central importance in mediating the maternal influences
on stress adaptations as well as the therapeutic responses to early maladaptive influences at the
molecular level (Szyf et al., 2007; Weaver et al., 2004). Additional evidence suggests that
major depressive disorder is mediated, in large part, by a spectrum of epigenetic processes,
exemplified by the presence of discordance between monozygotic twins, strong environmental
influences and pronounced gene-environmental interactions, high female prevalence (skewed
X-chromosome inactivation), parent-of-origin effects (impaired genomic imprinting) and the
presence of epialleles and epi-haplotypes (see below), including characteristic DNA
methylation profiles associated with specific alleles in genes linked to mood disorders (Mill
and Petronis, 2007).
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Recent studies suggest that HDAC5 is a fundamental molecular switch mediating drug
addiction, depression and stress adaptations (Renthal et al., 2007). Chronic but not acute
cocaine exposure and stress results in reduced HDAC5 function in the nucleus accumbens, a
central component of brain reward pathways, in association with increased histone acetylation
and transcription of HDAC5 target genes (Renthal et al., 2007). In chronic cocaine addiction,
drug exposure results in rapid and transient HDAC5 phosphorylation and nuclear export
associated with acute gene activation and histone acetylation that is rapidly reversed within 24
hours by HDAC5 nuclear redeployment and limitation of the expression of cocaine-induced
genes (Renthal et al., 2007). Loss of HDAC5 promotes hypersensitive responses to stress and
to chronic but not acute cocaine exposure (Renthal et al., 2007). Interestingly, chronic but not
acute social defeat stress causes reductions in HDAC5 functions in the nucleus accumbens by
a mechanism distinct from that seen with cocaine addiction (Renthal et al., 2007). Chronic
administration of imipramine selectively increases HDAC5 expression in the nucleus
accumbens but decreases its expression in the hippocampus and reduces stress-associated
maladaptive responses (Renthal et al., 2007). Additional studies further reveal that distinct
epigenetic modifications are associated with acute versus chronic drug addiction (Colvis et al.,
2005; Tsankova et al., 2007). Acute cocaine administration increases striatal early-immediate
gene expression in concert with CBP-mediated H4 acetylation at activated gene promoters and
MAPK/ERK1/MSK1-mediated H3 phosphoacetylation only at the c-Fos promoter (BramiCherrier et al., 2005; Kumar et al., 2005; Levine et al., 2005; Taniura et al., 2007). By contrast,
chronic cocaine use promotes H3 rather than H4 acetylation at the FosB promoter associated
with increased FosB expression, and also enhances H3 acetylation at the promoters of distinct
effector genes involved in the maintenance of the chronic state of addiction (Kumar et al.,
2005; Tsankova et al., 2007). Genome-wide analysis confirms that chronic cocaine addiction
is associated with deregulated acetylation of several hundred genes (Kumar et al., 2005;
Tsankova et al., 2007). Chronic cocaine addiction is also associated with increased MeCP2
and MBD1 expression in the adult brain (Cassel et al., 2006). Chronic alcoholism is further
linked to a diverse array of chromatin remodeling events that involve changes in both DNA
methylation as well as histone acetylation (Bonsch et al., 2005; Mahadev and Vemuri, 1998;
Tsankova et al., 2007). These observations suggest that the differential modulation of DNA
methylation and histone acetylation at selected target genes within specific brain reward and
memory circuits is a sensitive mediator of specific forms of stimulus saliency, and that
disruption of these interrelated epigenetic modifications promotes the transition from acute
adaptive responses to chronic neuropsychiatric disease states (Colvis et al., 2005; Maurice et
al., 2008; Renthal et al., 2007; Tsankova et al., 2007).
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15. Environmental epigenomics: gene-environmental interactions, neural
critical periods across the lifespan and multigenerational inheritance
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The epigenome exhibits unusual degrees of both plasticity as well as heritability, especially
within the mammalian brain, and may represent the long sought after molecular interface
mediating dynamic gene-environmental interactions throughout the life cycle (Feinberg,
2007; Jirtle and Skinner, 2007; Santos-Reboucas and Pimentel, 2007; van Vliet et al., 2007).
In fact, components of the epigenome are particularly susceptible to disruption during
gestation, the neonatal period, puberty and old age (Feinberg, 2007; Jirtle and Skinner, 2007).
Environmental influences can impact the epigenetic hierarchy at all levels, including DNA
methylation, histone modifications, nucleosome and higher-order chromatin remodeling,
ncRNAs, RNA editing and DNA recoding, and are associated with effects on genomic
architecture, nuclear reorganization and intracellular transport of diverse RNA species and
RBPs (Jirtle and Skinner, 2007; Mattick and Mehler, 2008; Mehler and Mattick, 2007; SantosReboucas and Pimentel, 2007; van Vliet et al., 2007). These dynamic processes translate into
short- and long-term phenotypic effects based on the timing and nature of the environmental
influences, the degrees of cellular responsiveness and the nature and durability of the epigenetic
modifications at individual gene loci and through genome-wide effects (Burdge et al., 2007;
Feinberg, 2007; Jirtle and Skinner, 2007; Santos-Reboucas and Pimentel, 2007; van Vliet et
al., 2007). Metastable epialleles are alleles that exhibit variable expression due to epigenetic
influences early in development and are particularly susceptible to environmental influences
that enhance susceptibility to late-onset diseases (Dolinoy et al., 2007; Jirtle and Skinner,
2007). Susceptible targets for epigenetically mediated environmental influences include
parasitic repetitive elements, cis-acting regulatory regions of imprinted genes, promoter
elements of common (“house-keeping”) genes and associated CpG islands (Burdge et al.,
2007; Dolinoy et al., 2007; Feinberg, 2007; Jirtle and Skinner, 2007; Santos-Reboucas and
Pimentel, 2007; van Vliet et al., 2007). Extensive epigenetic reprogramming occurs during
gametogenesis and in pre-implantation embryos, with less extensive modifications occurring
at fertilization (Anway et al., 2008; Groth et al., 2007; Hajkova et al., 2008; Sasaki and Matsui,
2008). These processes are essential to clear acquired epigenetic marks as a result of genetic
factors, environmental exposures and pathological conditions including disease states (Anway
et al., 2008; Feinberg, 2007; Groth et al., 2007; Hajkova et al., 2008; Jirtle and Skinner,
2007; Sasaki and Matsui, 2008). Certain genomic sequences are partially protected from
developmental epigenetic reprogramming such as imprinted genes and loci, heterochromatic
regions near centromeres and more recently acquired and active repetitive elements that may
participate in the dynamic sculpting of neurodevelopmental processes such as neural
connectivity whose deregulation is involved in the pathogenesis of neurological disorders with
complex cognitive phenotypes (Hajkova et al., 2008; Jirtle and Skinner, 2007; Kishino,
2006; Lane et al., 2003; Mehler and Mattick, 2007; Sasaki and Matsui, 2008). Imprinted genes
are overly represented at susceptibility loci for complex neuropsychiatric diseases and are
particularly problematic in terms of heritability and environmental influences (Dolinoy et al.,
2007; Kishino, 2006; Mehler and Mattick, 2007; Sasaki and Matsui, 2008; Schanen, 2006).
Imprinted genes provide no buffer against the pernicious effects of recessive mutations,
increase susceptibility to developmental aberrations and disease and are deregulated by nongenotoxic or by specific combinations of normally benign environmental agents that can cause
LOH or LOI (Dolinoy et al., 2007). Classical epigenetic processes including DNA methylation,
histone modifications, nucleosome packing and higher-order chromatin folding, and associated
attachments to nuclear subdomains and matrix components can enhance these and other
potentially heritable changes (Ahmed and Brickner, 2007; Akhtar and Gasser, 2007; Burdge
et al., 2007; Dolinoy et al., 2007; Feinberg, 2007; Santos-Reboucas and Pimentel, 2007; van
Vliet et al., 2007). Recent studies also suggest that DNA recoding in somatic cells, including
post-mitotic neurons, and intercellular and germline transmission of somatic mRNAs and
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ncRNAs derived from these and from other genomic sequences may also represent novel
genomic loci resistant to epigenetic reprogramming because of the absence of classical
“epigenetic signatures” (Dinger et al., 2008; Mattick and Mehler, 2008).
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Environmental epigenetics has radically changed the definition of heritability to include
environmentally mediated changes to the epigenome that are retained following mitosis,
meiosis, single generation inheritance as well as multigenerational transmission despite the
absence of direct inciting environmental events (Burdge et al., 2007; Dolinoy et al., 2007;
Feinberg, 2007; Groth et al., 2007; Jirtle and Skinner, 2007; Santos-Reboucas and Pimentel,
2007; van Vliet et al., 2007). Our increasing ability to decipher components of the epigenome
within individual cells, tissues and particularly within neural stem and developmental species,
neural networks and their dynamic evolution, in concert with both environmental as well as
homeostatic influences, will soon allow us to identify novel, fine-grained, subtle and complex
“neurotoxic” environmental factors and features that have not been amenable to interrogation
by classical genetic epidemiological studies (Feinberg, 2007; Jirtle and Skinner, 2007; Mehler
and Mattick, 2007; Santos-Reboucas and Pimentel, 2007; Sathyan et al., 2007; van Vliet et al.,
2007). Environmental epigenomic initiatives will also promote the development of advanced
epigenetic detection systems to identify more sensitive biomarkers, signatures of pre-clinical
phases of neurological diseases, disease progression and responses to therapeutic interventions
to allow the development of new generations of pharmacoepigenomic agents to promote
targeted epigenetic reprogramming (Feinberg, 2007; Jirtle and Skinner, 2007; SantosReboucas and Pimentel, 2007; van Vliet et al., 2007).

16. Pharmacoepigenomics: novel therapeutic strategies, epigenetic
reprogramming and future directions
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The central nervous system is unique in its requirement for appropriate degrees of cellular
differentiation, organizational integrity and neural network connectivity and activitydependent synaptic plasticity and emergent properties that define environmental receptivity,
hierarchical multimodal sensory processing, integration and intentionality of behavioral
outputs (Abrous et al., 2005; Mehler, 2002a; b; Mehler and Mattick, 2007). These operational
features of the brain likely reflect apparent as well as hidden layers of informational signals
that may be difficult to identify and to recapitulate following significant disease associated
perturbations or may encompass self-organizing principles that respond to less elaborate but
well defined molecular “hub” molecules or master regulators (Alcamo et al., 2008; Han et al.,
2008; Ptak and Petronis, 2008; St Laurent and Wahlestedt, 2007). Recent studies have shown
that complex disease traits may be related to highly interconnected gene networks and core
network modules that are deregulated by susceptibility loci, and that the clinical manifestations
of specific disease states may therefore represent emergent properties of these networks (Chen
et al., 2008b; Emilsson et al., 2008). Moreover, additional investigations suggest that
“rewiring” of discrete portions of the architecture of gene networks deregulated in specific
neurological diseases may allow restoration of function or even improvements of function
reflective of whole network operations rather than regional feedforward or feedback regulation,
thus illustrating the principles of system robustness, evolvability and emergent properties
(Isalan et al., 2008; Mehler and Mattick, 2007; Muotri and Gage, 2006). These network
properties are reminiscent of the features of epigenome biology and the advent of RNA
regulatory circuitry and post-transcriptional processing for promoting innovations in human
brain form, function and adaptability (Amaral et al., 2008; Mattick and Mehler, 2008; Mehler
and Mattick, 2007; St Laurent and Wahlestedt, 2007). In the final analysis, the challenge of
epigenetic therapies lies in the nature of the injury or disease state (unifocal, multifocal, cell
types and connections involved, acuteness or chronicity of the pathological state), the stage of
the life-cycle (development, adult, senescence), the molecular lesions (component[s] of the
epigenome affected, consequences for single allele or gene expression/function, integrated
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gene networks, genomic architecture/output, intracellular transport, nuclear organization), the
unique epigenetic profiles contained within each neural cell as well as the potential for stem
cell-mediated regenerative responses and dynamic tissue remodeling (Chan et al., 2007; Cho
et al., 2007; Fischer et al., 2007; Lesnick et al., 2007; Mattick and Mehler, 2008; Mehler and
Mattick, 2007; St Laurent and Wahlestedt, 2007). Moreover, recent experimental reports
suggest that evolving epigenomic therapies will soon allow us to “recover” seemingly lost
memories and cognitive functions and to both “rejuvenate” as well as actively regenerate
dysfunctional and dying neurons and impaired neural network connections in complex
neurological disorders such as neurodegenerative diseases (Chan et al., 2007; Chang et al.,
2008; Cho et al., 2007; Efroni et al., 2008; Fischer et al., 2007; Mattick and Mehler, 2008;
Mehler and Mattick, 2007; Muotri and Gage, 2006).
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There are currently three classes of epigenetic therapies that have been utilized in both animal
models of disease as well as in human clinical trials: DNA methylation inhibitors, HDAC
inhibitors and RNA-based approaches (Bhindi et al., 2007; Ptak and Petronis, 2008; Wood et
al., 2007). DNA methylation inhibitors exist as nucleoside and non-nucleoside analogues
whose aim is to reactivate pathologically silenced genes (Mund et al., 2006; Ptak and Petronis,
2008; Sigalotti et al., 2007). Nucleoside analogues act either by demethylation or by deletion
of DNMTs, whereas non-nucleoside analogues act by binding to the active sites of DNMTs or
preventing their expression without direct DNA incorporation, with the latter class exhibiting
less cytotoxicity (Mund et al., 2006; Ptak and Petronis, 2008; Sigalotti et al., 2007). Histone
deacetylase inhibitors include a broad spectrum of functional classes each containing distinct
biochemical modifications: short-chain fatty acids (SCFA), hydroxamic acids (HXA),
benzamides (BZM) and cyclic tetrapeptides (CTP). SCFAs are limited by lack of potency, low
specificity and bioavailability; HXAs exhibit higher potency, less toxicity, a broader spectrum
of actions, effects on DNA demethylation and synergy with other therapeutic agents; BZMs
display higher bioavailability including efficacy by the oral route and synergy with multiple
other therapeutic agents; CTPs directly inhibit the HDAC catalytic pocket, and hybrids
containing BZMs called cyclic hydroxamic acid-containing peptides (CHAPs) reversibly
inhibit HDACs at low nanomolar concentrations, and by changing methylene chain length can
create numerous independent molecular species with unique functional properties (Ptak and
Petronis, 2008).
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Interestingly, multiple classes of psychotropic drugs, including mood stabilizers, tricyclic
antidepressants and selective serotonin reuptake inhibitors act by modifying HDAC activity
and the actions of DNA methylation-associated enzymes (Ptak and Petronis, 2008).
Interestingly, alleviation of the silencing of the FMR1 gene due to microsatellite expansion in
the 5’ UTR in fragile X syndrome requires the use of a class III-selective HDAC, SIRT1 that
promotes histone acetylation at multiple sites on different histone proteins without altering
DNA methylation profiles that are normally linked to the therapeutic effects of less selective
HDAC inhibitors and would require combined use of a DNA methylation inhibitor only active
in dividing cells (Biacsi et al., 2008). These observations suggest that SIRT1 may be
particularly efficacious for gene reactivation in post-mitotic neurons with epigenetic lesions
resulting in specific types of neurological disorders (Kim et al., 2007a). The use of transcription
factors such as engineered zinc finger proteins which target individual gene promoters can
greatly increase the specificity of both DNA methylation and HDAC inhibitors and thereby
avoid adverse effects associated with a lack of specificity of these reagents (Ptak and Petronis,
2008). These epigenetic agents can be utilized in concert and have the potential to target not
only a spectrum of protein-coding genes but also multiple classes of ncRNAs (Verschure et
al., 2006). Additional classes of DNA methylation and histone-modifying enzymes are
increasingly being targeted using small molecule libraries, high-resolution structural analysis,
virtual screening technologies, ligand motif-based libraries and fragment-based
pharmaceutical design techniques (Ptak and Petronis, 2008).
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Several additional approaches targeting RNA species using short oligonucleotides acting on
diverse gene transcripts under endogenous regulation have the potential to begin to address the
complex underlying disease mechanisms particularly in neurodevelopmental, neuromuscular
and neurodegenerative diseases (Bhindi et al., 2007; Wood et al., 2007). The strategy of using
of antisense oligonucleotides with newer biochemical modifications to enhance stability,
specificity and efficacy is being applied to diseases caused by epigenetic alterations of premRNA splicing (Wood et al., 2007). RNA trans-splicing to form a composite of two separately
transcribed mRNAs using spliceosome-mediated trans-splicing (SMaRT) or ribozymeassociated trans-splicing is being applied to epigenetic diseases caused by aberrant isoform
switching, deregulation of specific enzymatic components of the epigenome or even to promote
RNA repair particularly in situations in which conformational changes subtly alter substrate/
target specificities for the actions of epigenetic enzymes, ncRNAs or diverse associated DNA:
RNA: protein interactions (Wood et al., 2007). RNA interference (RNAi) using doublestranded small interfering RNAs (siRNAs) is being applied to numerous pathogenic lesions
including promoting the silencing of selective mRNA isoforms and mutant alleles deregulated
by a spectrum of epigenetic aberrations (Bhindi et al., 2007; Wood et al., 2007). While these
therapeutic approaches represent major biological advances, they are still limited by issues of
inefficient tissue and cell site delivery, non-specific biological effects, lack of appropriate
regulatory elements for precise spatial and temporal resolution of expression and inappropriate
induction of inflammatory and immunological reactions (Wood et al., 2007). Additional
modifications and associated molecular variants including LNAs, decoys (short, doublestranded DNA molecules containing binding elements for a range of protein targets that
competitively inhibit promoter binding) and aptamers (synthetic oligonucleotide ligands
derived by selection from a combinatorial library of nucleic acid sequences that bind target
proteins with high affinity and specificity) have the potential and are increasing being applied
to combat complex and aberrant arrays of epigenetic targets such as multiple ncRNAs,
including miRNAs, RNA/DNA editing enzymes and nucleosome and chromatin remodeling
complexes (Akhtar and Benter, 2007; Bhindi et al., 2007; Elmen et al., 2008; Sigalotti et al.,
2007).
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While these epigenetic approaches hold great promise for achieving unprecedented therapeutic
successes, emerging concepts concerning the complexity and versatility of the epigenome are
beginning to suggest new directions for identifying and targeting of seminal molecular master
regulators and genome-wide and complementary cellular processes. The massive epigenetic
reprogramming that occurs during gametogenesis, fertilization and in the pre-implantation
embryo has emphasized the importance of gradations of epigenetic modifications, unique roles
of histone variants, linker proteins and chaperones and the ability of epigenetic changes
initiated in gametes to influence gene expression and functional integration at sensitive
epialleles in the offspring (Bronner et al., 2007; Chong et al., 2007; Ciliberti et al., 2007; Godde
and Ura, 2008; Ng and Gurdon, 2008; Raisner and Madhani, 2006; Sandovici et al., 2005;
Sasaki and Matsui, 2008). Our evolving understanding of the nature of regional genomic
organization and complex transcriptional units has uncovered novel mechanisms of
nucleosome modulation to allow uncoupling of the threshold for gene activation from its
dynamic range of expression, multilayered and interrelated epigenetic memory systems, the
hierarchy, overlap and context-selectivity of epigenetic processes and their dynamic
modulation by mechanisms regulating genomic architecture and other fundamental cellular
processes such as DNA repair and senescence responses (Blasco, 2007; Bronner et al., 2007;
Lam et al., 2008; Narita et al., 2006; Schneider and Grosschedl, 2007). Emerging insights into
genome-wide organization, regulation and communications have revealed intricate
mechanisms underlying higher-order chromatin states governing regulatory effects on remote
promoters and enhancers, allelic communications, dosage effects and epigenetic marking, and
regulators and dynamic switching of somatic as well as totipotency (germline) developmental,
maturational and maintenance programs (Bejerano et al., 2006; Grummt, 2007; Kapranov et
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al., 2007b; Kleinjan and van Heyningen, 2005; Mikkelsen et al., 2008; Misteli, 2007). Recent
studies have suggested that stem cell reprogramming may be greatly facilitated by RNA
inhibition of lineage-specifying transcription factors and by concurrent application of DNA
methyltransferase inhibitors (Mikkelsen et al., 2008). These scientific advances have also
identified cascades of epigenetic and associated regulatory factors involved in coordinated
environmentally mediated inter- and intra-chromosomal interactions, dramatic reorganization
of nuclear territories and the transient creation of hubs of transcriptional supercomplexes to
promote integrated genome-wide expression profiles, functional outcomes and potentially
flexible and evolving gene and neural network programs (Nunez et al., 2008). For example,
members of the SATB family of genomic organizers mediate these flexible genome-wide
regulatory functions through direct DNA binding and interactions with chromatin remodeling
molecules (Han et al., 2008). Moreover, SATB2 imparts cell identity and functional
connectivity to neocortical neurons, is regulated by conserved non-coding elements derived
from transposable elements in the mammalian genome that also modulate forebrain patterning
centers, and is derived from a complex bidirectional locus containing a ncRNA that exhibits
congruent neocortical expression (Alcamo et al., 2008; Gyorgy et al., 2008; Mercer et al.,
2008). These overall observations suggest that therapeutic targeting of master epigenetic
regulators such as SATB2 may have profound genomic regulatory effects through actions on
multiple complementary epigenetic regulatory mechanisms relevant to molecular
reprogramming of neural cell identity and remodeling of neural network connectivity (Alcamo
et al., 2008; Gyorgy et al., 2008). Finally, increasing recognition of the computational power,
flexibility and intra-and extra-cellular transport routes of diverse RNA species has clarified the
seminal importance of RNA regulatory networks for environmentally mediated and activitydependent nervous system processes, in the diversity of alternative splicing activities and
processing events, and in RNA-directed DNA rearrangements, methylation events, site editing
and DNA/RNA stereoisomer formation and function (Amaral et al., 2008; Dinger et al.,
2008; Matthews et al., 2007; Mattick and Mehler, 2008; Nowacki et al., 2008; Placido et al.,
2007; St Laurent and Wahlestedt, 2007; Wang and Cooper, 2007; Wang et al., 2008c; Wong
et al., 2007). Newer genome-wide high throughput technologies, when combined with
advances in imaging modalities such as in vivo optical imaging and nanotechnology, will allow
us to examine both local as well as global alterations of the epigenome and associated changes
to genomic architecture, nuclear organization, cellular microdomains and activated neural
network to greatly enhance disease risk stratification and to identify disease-associated
epimutations that represent more robust, selective and sophisticated biomarkers and therapeutic
targets than current translational approaches that are limited by our current abilities of defining
pathogenic alterations of specific epigenetic enzymes or associated molecular species (Barski
et al., 2007; Catez et al., 2006; Darzacq et al., 2007; Feinberg, 2007; Mikkelsen et al., 2007;
Rauch et al., 2008; Tan et al., 2007).

NIH-PA Author Manuscript

Acknowledgements
I am grateful to Solen Gokhan and Irfan Qureshi for critical reading of the manuscript and for inspired research
initiatives and to John S. Mattick and members of his laboratory group for creative collaborations, for the development
of innovative conceptual frameworks in the field of epigenetics and epigenomic medicine and for sharing of scientific
information prior to publication. I regret that space constraints have prevented the citation of many important primary
and secondary source materials. Supported by grants from the NINDS, NIMH, and NICHD, National Institutes of
Health and from the Roslyn and Leslie Goldstein, the Mildred and Bernard H. Kayden, the F. M. Kirby, the Alpern
Family and the Rosanne H. Silberman Foundations.

References
Abbondanzieri EA, Bokinsky G, Rausch JW, Zhang JX, Le Grice SF, Zhuang X. Dynamic binding
orientations direct activity of HIV reverse transcriptase. Nature 2008;453:184–9. [PubMed: 18464735]

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 46

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Abdolmaleky HM, Thiagalingam S, Wilcox M. Genetics and epigenetics in major psychiatric disorders:
dilemmas, achievements, applications, and future scope. Am J Pharmacogenomics 2005;5:149–60.
[PubMed: 15952869]
Abel T, Zukin RS. Epigenetic targets of HDAC inhibition in neurodegenerative and psychiatric disorders.
Curr Opin Pharmacol 2008;8:57–64. [PubMed: 18206423]
Abelson JF, Kwan KY, O’Roak BJ, Baek DY, Stillman AA, Morgan TM, Mathews CA, Pauls DL, Rasin
MR, Gunel M, Davis NR, Ercan-Sencicek AG, Guez DH, Spertus JA, Leckman JF, Dure LSt, Kurlan
R, Singer HS, Gilbert DL, Farhi A, Louvi A, Lifton RP, Sestan N, State MW. Sequence variants in
SLITRK1 are associated with Tourette’s syndrome. Science 2005;310:317–20. [PubMed: 16224024]
Abou-Sleymane G, Chalmel F, Helmlinger D, Lardenois A, Thibault C, Weber C, Merienne K, Mandel
JL, Poch O, Devys D, Trottier Y. Polyglutamine expansion causes neurodegeneration by altering the
neuronal differentiation program. Hum Mol Genet 2006;15:691–703. [PubMed: 16434483]
Abrous DN, Koehl M, Le Moal M. Adult neurogenesis: from precursors to network and physiology.
Physiol Rev 2005;85:523–69. [PubMed: 15788705]
Abu-Elneel K, Liu T, Gazzaniga FS, Nishimura Y, Wall DP, Geschwind DH, Lao K, Kosik KS.
Heterogeneous dysregulation of microRNAs across the autism spectrum. Neurogenetics 2008;9:153–
61. [PubMed: 18563458]
Adegbola A, Gao H, Sommer S, Browning M. A novel mutation in JARID1C/SMCX in a patient with
autism spectrum disorder (ASD). Am J Med Genet A 2008;146A:505–11. [PubMed: 18203167]
Aftab MN, He H, Skogerbo G, Chen R. Microarray analysis of ncRNA expression patterns in
Caenorhabditis elegans after RNAi against snoRNA associated proteins. BMC Genomics 2008;9:278.
[PubMed: 18547420]
Ahmed S, Brickner JH. Regulation and epigenetic control of transcription at the nuclear periphery. Trends
Genet 2007;23:396–402. [PubMed: 17566592]
Aimone JB, Wiles J, Gage FH. Potential role for adult neurogenesis in the encoding of time in new
memories. Nat Neurosci 2006;9:723–7. [PubMed: 16732202]
Akashi M, Hayasaka N, Yamazaki S, Node K. Mitogen-activated protein kinase is a functional component
of the autonomous circadian system in the suprachiasmatic nucleus. J Neurosci 2008;28:4619–23.
[PubMed: 18448638]
Akhtar A, Gasser SM. The nuclear envelope and transcriptional control. Nat Rev Genet 2007;8:507–17.
[PubMed: 17549064]
Akhtar S, Benter IF. Nonviral delivery of synthetic siRNAs in vivo. J Clin Invest 2007;117:3623–32.
[PubMed: 18060020]
Akimzhanov AM, Yang XO, Dong C. Chromatin remodeling of interleukin-17 (IL-17)-IL-17F cytokine
gene locus during inflammatory helper T cell differentiation. J Biol Chem 2007;282:5969–72.
[PubMed: 17218320]
Alcamo EA, Chirivella L, Dautzenberg M, Dobreva G, Farinas I, Grosschedl R, McConnell SK. Satb2
regulates callosal projection neuron identity in the developing cerebral cortex. Neuron 2008;57:364–
77. [PubMed: 18255030]
Amaral PP, Dinger ME, Mercer TR, Mattick JS. The eukaryotic genome as an RNA machine. Science
2008;319:1787–9. [PubMed: 18369136]
Amariglio N, Rechavi G. A-to-I RNA editing: a new regulatory mechanism of global gene expression.
Blood Cells Mol Dis 2007;39:151–5. [PubMed: 17555993]
Andang M, Hjerling-Leffler J, Moliner A, Lundgren TK, Castelo-Branco G, Nanou E, Pozas E, Bryja V,
Halliez S, Nishimaru H, Wilbertz J, Arenas E, Koltzenburg M, Charnay P, El Manira A, Ibanez CF,
Ernfors P. Histone H2AX-dependent GABA(A) receptor regulation of stem cell proliferation. Nature
2008;451:460–4. [PubMed: 18185516]
Anderson AN, Roncaroli F, Hodges A, Deprez M, Turkheimer FE. Chromosomal profiles of gene
expression in Huntington’s disease. Brain 2008;131:381–8. [PubMed: 18156153]
Anway MD, Rekow SS, Skinner MK. Transgenerational epigenetic programming of the embryonic testis
transcriptome. Genomics 2008;91:30–40. [PubMed: 18042343]
Arendt T. Alzheimer’s disease as a loss of differentiation control in a subset of neurons that retain
immature features in the adult brain. Neurobiol Aging 2000;21:783–96. [PubMed: 11124422]

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 47

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Ashraf SI, Kunes S. A trace of silence: memory and microRNA at the synapse. Curr Opin Neurobiol
2006;16:535–9. [PubMed: 16962314]
Ashraf SI, McLoon AL, Sclarsic SM, Kunes S. Synaptic protein synthesis associated with memory is
regulated by the RISC pathway in Drosophila. Cell 2006;124:191–205. [PubMed: 16413491]
Badcock C, Crespi B. Imbalanced genomic imprinting in brain development: an evolutionary basis for
the aetiology of autism. J Evol Biol 2006;19:1007–32. [PubMed: 16780503]
Bailey SL, Carpentier PA, McMahon EJ, Begolka WS, Miller SD. Innate and adaptive immune responses
of the central nervous system. Crit Rev Immunol 2006;26:149–88. [PubMed: 16700651]
Ballas N, Mandel G. The many faces of REST oversee epigenetic programming of neuronal genes. Curr
Opin Neurobiol 2005;15:500–6. [PubMed: 16150588]
Ballestar E, Esteller M, Richardson BC. The epigenetic face of systemic lupus erythematosus. J Immunol
2006;176:7143–7. [PubMed: 16751355]
Barski A, Cuddapah S, Cui K, Roh TY, Schones DE, Wang Z, Wei G, Chepelev I, Zhao K. High-resolution
profiling of histone methylations in the human genome. Cell 2007;129:823–37. [PubMed: 17512414]
Bass BL. RNA editing by adenosine deaminases that act on RNA. Annu Rev Biochem 2002;71:817–46.
[PubMed: 12045112]
Begovich AB, Chang M, Caillier SJ, Lew D, Catanese JJ, Wang J, Hauser SL, Oksenberg JR. The
autoimmune disease-associated IL12B and IL23R polymorphisms in multiple sclerosis. Hum
Immunol 2007;68:934–7. [PubMed: 18082575]
Bejerano G, Lowe CB, Ahituv N, King B, Siepel A, Salama SR, Rubin EM, Kent WJ, Haussler D. A
distal enhancer and an ultraconserved exon are derived from a novel retroposon. Nature 2006;441:87–
90. [PubMed: 16625209]
Belden WJ, Loros JJ, Dunlap JC. CLOCK leaves its mark on histones. Trends Biochem Sci 2006;31:610–
3. [PubMed: 17027273]
Bell TJ, Miyashiro KY, Sul JY, McCullough R, Buckley PT, Jochems J, Meaney DF, Haydon P, Cantor
C, Parsons TD, Eberwine J. Cytoplasmic BK(Ca) channel intron-containing mRNAs contribute to
the intrinsic excitability of hippocampal neurons. Proc Natl Acad Sci U S A 2008;105:1901–6.
[PubMed: 18250327]
Bennett EJ, Shaler TA, Woodman B, Ryu KY, Zaitseva TS, Becker CH, Bates GP, Schulman H, Kopito
RR. Global changes to the ubiquitin system in Huntington’s disease. Nature 2007;448:704–8.
[PubMed: 17687326]
Berger SL. The complex language of chromatin regulation during transcription. Nature 2007;447:407–
12. [PubMed: 17522673]
Berns GS, Nemeroff CB. The neurobiology of bipolar disorder. Am J Med Genet C Semin Med Genet
2003;123C:76–84. [PubMed: 14601039]
Bernstein BE, Mikkelsen TS, Xie X, Kamal M, Huebert DJ, Cuff J, Fry B, Meissner A, Wernig M, Plath
K, Jaenisch R, Wagschal A, Feil R, Schreiber SL, Lander ES. A bivalent chromatin structure marks
key developmental genes in embryonic stem cells. Cell 2006;125:315–26. [PubMed: 16630819]
Bernstein C, Bernstein H, Payne CM, Garewal H. DNA repair/pro-apoptotic dual-role proteins in five
major DNA repair pathways: fail-safe protection against carcinogenesis. Mutat Res 2002;511:145–
78. [PubMed: 12052432]
Berridge CW, Waterhouse BD. The locus coeruleus-noradrenergic system: modulation of behavioral
state and state-dependent cognitive processes. Brain Res Brain Res Rev 2003;42:33–84. [PubMed:
12668290]
Berton O, McClung CA, Dileone RJ, Krishnan V, Renthal W, Russo SJ, Graham D, Tsankova NM,
Bolanos CA, Rios M, Monteggia LM, Self DW, Nestler EJ. Essential role of BDNF in the mesolimbic
dopamine pathway in social defeat stress. Science 2006;311:864–8. [PubMed: 16469931]
Bessonov S, Anokhina M, Will CL, Urlaub H, Luhrmann R. Isolation of an active step I spliceosome and
composition of its RNP core. Nature 2008;452:846–50. [PubMed: 18322460]
Bhaumik SR, Smith E, Shilatifard A. Covalent modifications of histones during development and disease
pathogenesis. Nat Struct Mol Biol 2007;14:1008–16. [PubMed: 17984963]
Bhindi R, Fahmy RG, Lowe HC, Chesterman CN, Dass CR, Cairns MJ, Saravolac EG, Sun LQ,
Khachigian LM. Brothers in arms: DNA enzymes, short interfering RNA, and the emerging wave of

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 48

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

small-molecule nucleic acid-based gene-silencing strategies. Am J Pathol 2007;171:1079–88.
[PubMed: 17717148]
Biacsi R, Kumari D, Usdin K. SIRT1 inhibition alleviates gene silencing in Fragile X mental retardation
syndrome. PLoS Genet 2008;4:e1000017. [PubMed: 18369442]
Bilen J, Liu N, Burnett BG, Pittman RN, Bonini NM. MicroRNA pathways modulate polyglutamineinduced neurodegeneration. Mol Cell 2006;24:157–63. [PubMed: 17018300]
Birney E, Stamatoyannopoulos JA, Dutta A, Guigo R, Gingeras TR, Margulies EH, Weng Z, Snyder M,
Dermitzakis ET, Thurman RE, Kuehn MS, Taylor CM, Neph S, Koch CM, Asthana S, Malhotra A,
Adzhubei I, Greenbaum JA, Andrews RM, Flicek P, Boyle PJ, Cao H, Carter NP, Clelland GK, Davis
S, Day N, Dhami P, Dillon SC, Dorschner MO, Fiegler H, Giresi PG, Goldy J, Hawrylycz M, Haydock
A, Humbert R, James KD, Johnson BE, Johnson EM, Frum TT, Rosenzweig ER, Karnani N, Lee K,
Lefebvre GC, Navas PA, Neri F, Parker SC, Sabo PJ, Sandstrom R, Shafer A, Vetrie D, Weaver M,
Wilcox S, Yu M, Collins FS, Dekker J, Lieb JD, Tullius TD, Crawford GE, Sunyaev S, Noble WS,
Dunham I, Denoeud F, Reymond A, Kapranov P, Rozowsky J, Zheng D, Castelo R, Frankish A,
Harrow J, Ghosh S, Sandelin A, Hofacker IL, Baertsch R, Keefe D, Dike S, Cheng J, Hirsch HA,
Sekinger EA, Lagarde J, Abril JF, Shahab A, Flamm C, Fried C, Hackermuller J, Hertel J, Lindemeyer
M, Missal K, Tanzer A, Washietl S, Korbel J, Emanuelsson O, Pedersen JS, Holroyd N, Taylor R,
Swarbreck D, Matthews N, Dickson MC, Thomas DJ, Weirauch MT, Gilbert J, et al. Identification
and analysis of functional elements in 1% of the human genome by the ENCODE pilot project. Nature
2007;447:799–816. [PubMed: 17571346]
Blasco MA. The epigenetic regulation of mammalian telomeres. Nat Rev Genet 2007;8:299–309.
[PubMed: 17363977]
Blatow M, Rozov A, Katona I, Hormuzdi SG, Meyer AH, Whittington MA, Caputi A, Monyer H. A
novel network of multipolar bursting interneurons generates theta frequency oscillations in neocortex.
Neuron 2003;38:805–17. [PubMed: 12797964]
Bonsch D, Lenz B, Kornhuber J, Bleich S. DNA hypermethylation of the alpha synuclein promoter in
patients with alcoholism. Neuroreport 2005;16:167–70. [PubMed: 15671870]
Bosch A, Suau P. Changes in core histone variant composition in differentiating neurons: the roles of
differential turnover and synthesis rates. Eur J Cell Biol 1995;68:220–5. [PubMed: 8603674]
Boutz PL, Stoilov P, Li Q, Lin CH, Chawla G, Ostrow K, Shiue L, Ares M Jr, Black DL. A posttranscriptional regulatory switch in polypyrimidine tract-binding proteins reprograms alternative
splicing in developing neurons. Genes Dev 2007;21:1636–52. [PubMed: 17606642]
Bramham CR, Wells DG. Dendritic mRNA: transport, translation and function. Nat Rev Neurosci
2007;8:776–89. [PubMed: 17848965]
Brami-Cherrier K, Valjent E, Herve D, Darragh J, Corvol JC, Pages C, Arthur SJ, Girault JA, Caboche
J. Parsing molecular and behavioral effects of cocaine in mitogen- and stress-activated protein
kinase-1-deficient mice. J Neurosci 2005;25:11444–54. [PubMed: 16339038]
Brickner DG, Cajigas I, Fondufe-Mittendorf Y, Ahmed S, Lee PC, Widom J, Brickner JH. H2A.Zmediated localization of genes at the nuclear periphery confers epigenetic memory of previous
transcriptional state. PLoS Biol 2007;5:e81. [PubMed: 17373856]
Briscoe J, Novitch BG. Regulatory pathways linking progenitor patterning, cell fates and neurogenesis
in the ventral neural tube. Philos Trans R Soc Lond B Biol Sci. 2007
Bronner C, Chataigneau T, Schini-Kerth VB, Landry Y. The "Epigenetic Code Replication Machinery",
ECREM: a promising drugable target of the epigenetic cell memory. Curr Med Chem 2007;14:2629–
41. [PubMed: 17979715]
Brooks WH. Autoimmune disorders result from loss of epigenetic control following chromosome
damage. Med Hypotheses 2005;64:590–8. [PubMed: 15617874]
Burdge GC, Hanson MA, Slater-Jefferies JL, Lillycrop KA. Epigenetic regulation of transcription: a
mechanism for inducing variations in phenotype (fetal programming) by differences in nutrition
during early life? Br J Nutr 2007;97:1036–46. [PubMed: 17381976]
Burmistrova OA, Goltsov AY, Abramova LI, Kaleda VG, Orlova VA, Rogaev EI. MicroRNA in
schizophrenia: genetic and expression analysis of miR-130b (22q11). Biochemistry (Mosc)
2007;72:578–82. [PubMed: 17573714]

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 49

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Calin GA, Croce CM. Chromosomal rearrangements and microRNAs: a new cancer link with clinical
implications. J Clin Invest 2007;117:2059–66. [PubMed: 17671640]
Cam HP, Noma K, Ebina H, Levin HL, Grewal SI. Host genome surveillance for retrotransposons by
transposon-derived proteins. Nature 2008;451:431–6. [PubMed: 18094683]
Canli T, Qiu M, Omura K, Congdon E, Haas BW, Amin Z, Herrmann MJ, Constable RT, Lesch KP.
Neural correlates of epigenesis. Proc Natl Acad Sci U S A 2006;103:16033–8. [PubMed: 17032778]
Cao X, Yeo G, Muotri AR, Kuwabara T, Gage FH. Noncoding RNAs in the mammalian central nervous
system. Annu Rev Neurosci 2006;29:77–103. [PubMed: 16776580]
Carninci P, Kasukawa T, Katayama S, Gough J, Frith MC, Maeda N, Oyama R, Ravasi T, Lenhard B,
Wells C, Kodzius R, Shimokawa K, Bajic VB, Brenner SE, Batalov S, Forrest AR, Zavolan M, Davis
MJ, Wilming LG, Aidinis V, Allen JE, Ambesi-Impiombato A, Apweiler R, Aturaliya RN, Bailey
TL, Bansal M, Baxter L, Beisel KW, Bersano T, Bono H, Chalk AM, Chiu KP, Choudhary V,
Christoffels A, Clutterbuck DR, Crowe ML, Dalla E, Dalrymple BP, de Bono B, Della Gatta G, di
Bernardo D, Down T, Engstrom P, Fagiolini M, Faulkner G, Fletcher CF, Fukushima T, Furuno M,
Futaki S, Gariboldi M, Georgii-Hemming P, Gingeras TR, Gojobori T, Green RE, Gustincich S,
Harbers M, Hayashi Y, Hensch TK, Hirokawa N, Hill D, Huminiecki L, Iacono M, Ikeo K, Iwama
A, Ishikawa T, Jakt M, Kanapin A, Katoh M, Kawasawa Y, Kelso J, Kitamura H, Kitano H, Kollias
G, Krishnan SP, Kruger A, Kummerfeld SK, Kurochkin IV, Lareau LF, Lazarevic D, Lipovich L,
Liu J, Liuni S, McWilliam S, Madan Babu M, Madera M, Marchionni L, Matsuda H, Matsuzawa S,
Miki H, Mignone F, Miyake S, Morris K, Mottagui-Tabar S, Mulder N, Nakano N, Nakauchi H, Ng
P, Nilsson R, Nishiguchi S, Nishikawa S, et al. The transcriptional landscape of the mammalian
genome. Science 2005;309:1559–63. [PubMed: 16141072]
Cassel S, Carouge D, Gensburger C, Anglard P, Burgun C, Dietrich JB, Aunis D, Zwiller J. Fluoxetine
and cocaine induce the epigenetic factors MeCP2 and MBD1 in adult rat brain. Mol Pharmacol
2006;70:487–92. [PubMed: 16670375]
Cassidy SB, Dykens E, Williams CA. Prader-Willi and Angelman syndromes: sister imprinted disorders.
Am J Med Genet 2000;97:136–46. [PubMed: 11180221]
Catez F, Ueda T, Bustin M. Determinants of histone H1 mobility and chromatin binding in living cells.
Nat Struct Mol Biol 2006;13:305–10. [PubMed: 16715048]
Cattaneo E. Chromatin dysfunction in Huntington’s disease. Prog Neurobiol 2007;83:193–4. [PubMed:
17706859]
Cenci C, Barzotti R, Galeano F, Corbelli S, Rota R, Massimi L, Di Rocco C, O’Connell MA, Gallo A.
Down-regulation of RNA editing in pediatric astrocytomas: ADAR2 editing activity inhibits cell
migration and proliferation. J Biol Chem 2008;283:7251–60. [PubMed: 18178553]
Cha JH. Transcriptional signatures in Huntington’s disease. Prog Neurobiol 2007;83:228–48. [PubMed:
17467140]
Chadwick LH, Wade PA. MeCP2 in Rett syndrome: transcriptional repressor or chromatin architectural
protein? Curr Opin Genet Dev 2007;17:121–5. [PubMed: 17317146]
Chahrour M, Jung SY, Shaw C, Zhou X, Wong ST, Qin J, Zoghbi HY. MeCP2, a key contributor to
neurological disease, activates and represses transcription. Science 2008;320:1224–9. [PubMed:
18511691]
Chahrour M, Zoghbi HY. The story of Rett syndrome: from clinic to neurobiology. Neuron 2007;56:422–
37. [PubMed: 17988628]
Champagne FA, Francis DD, Mar A, Meaney MJ. Variations in maternal care in the rat as a mediating
influence for the effects of environment on development. Physiol Behav 2003;79:359–71. [PubMed:
12954431]
Chan CS, Guzman JN, Ilijic E, Mercer JN, Rick C, Tkatch T, Meredith GE, Surmeier DJ. ‘Rejuvenation’
protects neurons in mouse models of Parkinson’s disease. Nature 2007;447:1081–6. [PubMed:
17558391]
Chan JA, Krichevsky AM, Kosik KS. MicroRNA-21 is an antiapoptotic factor in human glioblastoma
cells. Cancer Res 2005;65:6029–33. [PubMed: 16024602]
Chang HH, Hemberg M, Barahona M, Ingber DE, Huang S. Transcriptome-wide noise controls lineage
choice in mammalian progenitor cells. Nature 2008;453:544–7. [PubMed: 18497826]

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 50

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Chapman EJ, Carrington JC. Specialization and evolution of endogenous small RNA pathways. Nat Rev
Genet 2007;8:884–96. [PubMed: 17943195]
Chen CX, Cho DS, Wang Q, Lai F, Carter KC, Nishikura K. A third member of the RNA-specific
adenosine deaminase gene family, ADAR3, contains both single- and double-stranded RNA binding
domains. Rna 2000;6:755–67. [PubMed: 10836796]
Chen ES, Zhang K, Nicolas E, Cam HP, Zofall M, Grewal SI. Cell cycle control of centromeric repeat
transcription and heterochromatin assembly. Nature 2008a;451:734–7. [PubMed: 18216783]
Chen QR, Bilke S, Wei JS, Greer BT, Steinberg SM, Westermann F, Schwab M, Khan J. Increased WSB1
copy number correlates with its over-expression which associates with increased survival in
neuroblastoma. Genes Chromosomes Cancer 2006a;45:856–62. [PubMed: 16804916]
Chen Y, Zhu J, Lum PY, Yang X, Pinto S, MacNeil DJ, Zhang C, Lamb J, Edwards S, Sieberts SK,
Leonardson A, Castellini LW, Wang S, Champy MF, Zhang B, Emilsson V, Doss S, Ghazalpour A,
Horvath S, Drake TA, Lusis AJ, Schadt EE. Variations in DNA elucidate molecular networks that
cause disease. Nature 2008b;452:429–35. [PubMed: 18344982]
Chen YZ, Hashemi SH, Anderson SK, Huang Y, Moreira MC, Lynch DR, Glass IA, Chance PF, Bennett
CL. Senataxin, the yeast Sen1p orthologue: characterization of a unique protein in which recessive
mutations cause ataxia and dominant mutations cause motor neuron disease. Neurobiol Dis 2006b;
23:97–108. [PubMed: 16644229]
Cheng LC, Tavazoie M, Doetsch F. Stem cells: from epigenetics to microRNAs. Neuron 2005;46:363–
7. [PubMed: 15882632]
Cho SR, Benraiss A, Chmielnicki E, Samdani A, Economides A, Goldman SA. Induction of neostriatal
neurogenesis slows disease progression in a transgenic murine model of Huntington disease. J Clin
Invest 2007;117:2889–902. [PubMed: 17885687]
Chong S, Vickaryous N, Ashe A, Zamudio N, Youngson N, Hemley S, Stopka T, Skoultchi A, Matthews
J, Scott HS, de Kretser D, O’Bryan M, Blewitt M, Whitelaw E. Modifiers of epigenetic
reprogramming show paternal effects in the mouse. Nat Genet 2007;39:614–22. [PubMed:
17450140]
Chu LC, Eberhart CG, Grossman SA, Herman JG. Epigenetic silencing of multiple genes in primary CNS
lymphoma. Int J Cancer 2006;119:2487–91. [PubMed: 16858686]
Chubb JE, Bradshaw NJ, Soares DC, Porteous DJ, Millar JK. The DISC locus in psychiatric illness. Mol
Psychiatry 2008;13:36–64. [PubMed: 17912248]
Chwang WB, Arthur JS, Schumacher A, Sweatt JD. The nuclear kinase mitogen- and stress-activated
protein kinase 1 regulates hippocampal chromatin remodeling in memory formation. J Neurosci
2007;27:12732–42. [PubMed: 18003853]
Ciesla J. Metabolic enzymes that bind RNA: yet another level of cellular regulatory network? Acta
Biochim Pol 2006;53:11–32. [PubMed: 16410835]
Ciliberti S, Martin OC, Wagner A. Robustness can evolve gradually in complex regulatory gene networks
with varying topology. PLoS Comput Biol 2007;3:e15. [PubMed: 17274682]
Clark SJ. Action at a distance: epigenetic silencing of large chromosomal regions in carcinogenesis. Hum
Mol Genet 2007;16(Spec No 1):R88–95. [PubMed: 17613553]
Cleaver JE. Cancer in xeroderma pigmentosum and related disorders of DNA repair. Nat Rev Cancer
2005;5:564–73. [PubMed: 16069818]
Cleaver JE, Hefner E, Laposa RR, Karentz D, Marti T. Cockayne syndrome exhibits dysregulation of
p21 and other gene products that may be independent of transcription-coupled repair. Neuroscience
2007;145:1300–8. [PubMed: 17055654]
Cogswell JP, Ward J, Taylor IA, Waters M, Shi Y, Cannon B, Kelnar K, Kemppainen J, Brown D, Chen
C, Prinjha RK, Richardson JC, Saunders AM, Roses AD, Richards CA. Identification of miRNA
Changes in Alzheimer’s Disease Brain and CSF Yields Putative Biomarkers and Insights into Disease
Pathways. J Alzheimers Dis 2008;14:27–41. [PubMed: 18525125]
Cohen D, Lazar G, Couvert P, Desportes V, Lippe D, Mazet P, Heron D. MECP2 mutation in a boy with
language disorder and schizophrenia. Am J Psychiatry 2002;159:148–9. [PubMed: 11772708]
Cohen-Armon M, Visochek L, Rozensal D, Kalal A, Geistrikh I, Klein R, Bendetz-Nezer S, Yao Z, Seger
R. DNA-independent PARP-1 activation by phosphorylated ERK2 increases Elk1 activity: a link to
histone acetylation. Mol Cell 2007;25:297–308. [PubMed: 17244536]

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 51

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Colvis CM, Pollock JD, Goodman RH, Impey S, Dunn J, Mandel G, Champagne FA, Mayford M, Korzus
E, Kumar A, Renthal W, Theobald DE, Nestler EJ. Epigenetic mechanisms and gene networks in the
nervous system. J Neurosci 2005;25:10379–89. [PubMed: 16280577]
Costa E, Dong E, Grayson DR, Guidotti A, Ruzicka W, Veldic M. Reviewing the role of DNA (cytosine-5)
methyltransferase overexpression in the cortical GABAergic dysfunction associated with psychosis
vulnerability. Epigenetics 2007;2:29–36. [PubMed: 17965595]
Cox LJ, Hengst U, Gurskaya NG, Lukyanov KA, Jaffrey SR. Intra-axonal translation and retrograde
trafficking of CREB promotes neuronal survival. Nat Cell Biol 2008;10:149–59. [PubMed:
18193038]
Dahm R, Kiebler M, Macchi P. RNA localisation in the nervous system. Semin Cell Dev Biol
2007;18:216–23. [PubMed: 17331761]
Darnell RB. Memory, synaptic translation, and…prions? Cell 2003;115:767–8. [PubMed: 14697195]
Darzacq X, Shav-Tal Y, de Turris V, Brody Y, Shenoy SM, Phair RD, Singer RH. In vivo dynamics of
RNA polymerase II transcription. Nat Struct Mol Biol 2007;14:796–806. [PubMed: 17676063]
Davies W, Isles AR, Burgoyne PS, Wilkinson LS. X-linked imprinting: effects on brain and behaviour.
Bioessays 2006;28:35–44. [PubMed: 16369947]
Davis BN, Hilyard AC, Lagna G, Hata A. SMAD proteins control DROSHA-mediated microRNA
maturation. Nature. 2008a
Davis TH, Cuellar TL, Koch SM, Barker AJ, Harfe BD, McManus MT, Ullian EM. Conditional loss of
Dicer disrupts cellular and tissue morphogenesis in the cortex and hippocampus. J Neurosci 2008b;
28:4322–30. [PubMed: 18434510]
de Graaf K, Czajkowska H, Rottmann S, Packman LC, Lilischkis R, Luscher B, Becker W. The protein
kinase DYRK1A phosphorylates the splicing factor SF3b1/SAP155 at Thr434, a novel in vivo
phosphorylation site. BMC Biochem 2006;7:7. [PubMed: 16512921]
de Pontual L, Trochet D, Bourdeaut F, Thomas S, Etchevers H, Chompret A, Minard V, Valteau D,
Brugieres L, Munnich A, Delattre O, Lyonnet S, Janoueix-Lerosey I, Amiel J. Methylationassociated PHOX2B gene silencing is a rare event in human neuroblastoma. Eur J Cancer
2007;43:2366–72. [PubMed: 17765533]
Dewannieux M, Esnault C, Heidmann T. LINE-mediated retrotransposition of marked Alu sequences.
Nat Genet 2003;35:41–8. [PubMed: 12897783]
Diamandis P, Wildenhain J, Clarke ID, Sacher AG, Graham J, Bellows DS, Ling EK, Ward RJ, Jamieson
LG, Tyers M, Dirks PB. Chemical genetics reveals a complex functional ground state of neural
stem cells. Nat Chem Biol 2007;3:268–73. [PubMed: 17417631]
Diederichs S, Haber DA. Dual role for argonautes in microRNA processing and posttranscriptional
regulation of microRNA expression. Cell 2007;131:1097–108. [PubMed: 18083100]
Dimauro S. Mitochondrial medicine. Biochim Biophys Acta 2004;1659:107–14. [PubMed: 15576041]
Dinger ME, Mercer TR, Mattick JS. RNAs as extracellular signaling molecules. J Mol Endocrinol
2008;40:151–9. [PubMed: 18372404]
Dolinoy DC, Das R, Weidman JR, Jirtle RL. Metastable epialleles, imprinting, and the fetal origins of
adult diseases. Pediatr Res 2007;61:30R–37R.
Dong E, Agis-Balboa RC, Simonini MV, Grayson DR, Costa E, Guidotti A. Reelin and glutamic acid
decarboxylase67 promoter remodeling in an epigenetic methionine-induced mouse model of
schizophrenia. Proc Natl Acad Sci U S A 2005;102:12578–83. [PubMed: 16113080]
Downs JA, Nussenzweig MC, Nussenzweig A. Chromatin dynamics and the preservation of genetic
information. Nature 2007;447:951–8. [PubMed: 17581578]
Dryhurst D, Thambirajah AA, Ausio J. New twists on H2A.Z: a histone variant with a controversial
structural and functional past. Biochem Cell Biol 2004;82:490–7. [PubMed: 15284902]
Du Z, Park KW, Yu H, Fan Q, Li L. Newly identified prion linked to the chromatin-remodeling factor
Swi1 in Saccharomyces cerevisiae. Nat Genet 2008;40:460–5. [PubMed: 18362884]
Duan X, Chang JH, Ge S, Faulkner RL, Kim JY, Kitabatake Y, Liu XB, Yang CH, Jordan JD, Ma DK,
Liu CY, Ganesan S, Cheng HJ, Ming GL, Lu B, Song H. Disrupted-In-Schizophrenia 1 regulates
integration of newly generated neurons in the adult brain. Cell 2007;130:1146–58. [PubMed:
17825401]

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 52

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Efroni S, Duttagupta R, Cheng J, Dehghani H, Hoeppner DJ, Dash C, Bazett-Jones DP, Le Grice S,
McKay RD, Buetow KH, Gingeras TR, Misteli T, Meshorer E. Global transcription in pluripotent
embryonic stem cells. Cell Stem Cell 2008;2:437–47. [PubMed: 18462694]
Ellison D. Classifying the medulloblastoma: insights from morphology and molecular genetics.
Neuropathol Appl Neurobiol 2002;28:257–82. [PubMed: 12175339]
Elmen J, Lindow M, Schutz S, Lawrence M, Petri A, Obad S, Lindholm M, Hedtjarn M, Hansen HF,
Berger U, Gullans S, Kearney P, Sarnow P, Straarup EM, Kauppinen S. LNA-mediated microRNA
silencing in non-human primates. Nature 2008;452:896–9. [PubMed: 18368051]
Emilsson V, Thorleifsson G, Zhang B, Leonardson AS, Zink F, Zhu J, Carlson S, Helgason A, Walters
GB, Gunnarsdottir S, Mouy M, Steinthorsdottir V, Eiriksdottir GH, Bjornsdottir G, Reynisdottir I,
Gudbjartsson D, Helgadottir A, Jonasdottir A, Styrkarsdottir U, Gretarsdottir S, Magnusson KP,
Stefansson H, Fossdal R, Kristjansson K, Gislason HG, Stefansson T, Leifsson BG, Thorsteinsdottir
U, Lamb JR, Gulcher JR, Reitman ML, Kong A, Schadt EE, Stefansson K. Genetics of gene
expression and its effect on disease. Nature 2008;452:423–8. [PubMed: 18344981]
Endres M, Meisel A, Biniszkiewicz D, Namura S, Prass K, Ruscher K, Lipski A, Jaenisch R, Moskowitz
MA, Dirnagl U. DNA methyltransferase contributes to delayed ischemic brain injury. J Neurosci
2000;20:3175–81. [PubMed: 10777781]
Esteller M. Cancer epigenomics: DNA methylomes and histone-modification maps. Nat Rev Genet
2007a;8:286–98. [PubMed: 17339880]
Esteller M. Epigenetic gene silencing in cancer: the DNA hypermethylome. Hum Mol Genet 2007b;16
(Spec No 1):R50–9. [PubMed: 17613547]
Esteller M. Epigenetics in cancer. N Engl J Med 2008;358:1148–59. [PubMed: 18337604]
Eulalio A, Behm-Ansmant I, Izaurralde E. P bodies: at the crossroads of post-transcriptional pathways.
Nat Rev Mol Cell Biol 2007;8:9–22. [PubMed: 17183357]
Faraco G, Pancani T, Formentini L, Mascagni P, Fossati G, Leoni F, Moroni F, Chiarugi A.
Pharmacological inhibition of histone deacetylases by suberoylanilide hydroxamic acid specifically
alters gene expression and reduces ischemic injury in the mouse brain. Mol Pharmacol
2006;70:1876–84. [PubMed: 16946032]
Feinberg AP. Phenotypic plasticity and the epigenetics of human disease. Nature 2007;447:433–40.
[PubMed: 17522677]
Felden B. RNA structure: experimental analysis. Curr Opin Microbiol 2007;10:286–91. [PubMed:
17532253]
Feng J, Fouse S, Fan G. Epigenetic regulation of neural gene expression and neuronal function. Pediatr
Res 2007;61:58R–63R.
Fichera M, Falco M, Lo Giudice M, Castiglia L, Guarnaccia V, Cali F, Spalletta A, Scuderi C, Avola E.
Skewed X-inactivation in a family with mental retardation and PQBP1 gene mutation. Clin Genet
2005;67:446–7. [PubMed: 15811016]
Filipowicz W, Bhattacharyya SN, Sonenberg N. Mechanisms of post-transcriptional regulation by
microRNAs: are the answers in sight? Nat Rev Genet 2008;9:102–14. [PubMed: 18197166]
Fischer A, Sananbenesi F, Wang X, Dobbin M, Tsai LH. Recovery of learning and memory is associated
with chromatin remodelling. Nature 2007;447:178–82. [PubMed: 17468743]
Fogarty MP, Kessler JD, Wechsler-Reya RJ. Morphing into cancer: the role of developmental signaling
pathways in brain tumor formation. J Neurobiol 2005;64:458–75. [PubMed: 16041741]
Fondon JW 3rd, Hammock EA, Hannan AJ, King DG. Simple sequence repeats: genetic modulators of
brain function and behavior. Trends Neurosci 2008;31:328–34. [PubMed: 18550185]
Fontaine B, Barcellos LF. Evidence for a complex interaction between HLA-DRB1 and environmental
factors in MS. Neurology 2008;70:97–8. [PubMed: 18180438]
Formisano L, Noh KM, Miyawaki T, Mashiko T, Bennett MV, Zukin RS. Ischemic insults promote
epigenetic reprogramming of mu opioid receptor expression in hippocampal neurons. Proc Natl
Acad Sci U S A 2007;104:4170–5. [PubMed: 17360495]
Fousteri M, Vermeulen W, van Zeeland AA, Mullenders LH. Cockayne syndrome A and B proteins
differentially regulate recruitment of chromatin remodeling and repair factors to stalled RNA
polymerase II in vivo. Mol Cell 2006;23:471–82. [PubMed: 16916636]

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 53

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Franklin A, Milburn PJ, Blanden RV, Steele EJ. Human DNA polymerase-eta, an A-T mutator in somatic
hypermutation of rearranged immunoglobulin genes, is a reverse transcriptase. Immunol Cell Biol
2004;82:219–25. [PubMed: 15061777]
Fraser P, Bickmore W. Nuclear organization of the genome and the potential for gene regulation. Nature
2007;447:413–7. [PubMed: 17522674]
Freitag M, Selker EU. Controlling DNA methylation: many roads to one modification. Curr Opin Genet
Dev 2005;15:191–9. [PubMed: 15797202]
Frith MC, Carninci P, Kai C, Kawai J, Bailey TL, Hayashizaki Y, Mattick JS. Splicing bypasses 3’ end
formation signals to allow complex gene architectures. Gene 2007;403:188–193. [PubMed:
17897791]
Frith MC, Pheasant M, Mattick JS. The amazing complexity of the human transcriptome. Eur J Hum
Genet 2005;13:894–7. [PubMed: 15970949]
Froemke RC, Merzenich MM, Schreiner CE. A synaptic memory trace for cortical receptive field
plasticity. Nature 2007;450:425–9. [PubMed: 18004384]
Froyen G, Bauters M, Boyle J, Van Esch H, Govaerts K, van Bokhoven H, Ropers HH, Moraine C, Chelly
J, Fryns JP, Marynen P, Gecz J, Turner G. Loss of SLC38A5 and FTSJ1 at Xp11.23 in three brothers
with non-syndromic mental retardation due to a microdeletion in an unstable genomic region. Hum
Genet 2007;121:539–47. [PubMed: 17333282]
Froyen G, Bauters M, Voet T, Marynen P. X-linked mental retardation and epigenetics. J Cell Mol Med
2006;10:808–25. [PubMed: 17125586]
Furuno M, Pang KC, Ninomiya N, Fukuda S, Frith MC, Bult C, Kai C, Kawai J, Carninci P, Hayashizaki
Y, Mattick JS, Suzuki H. Clusters of internally primed transcripts reveal novel long noncoding
RNAs. PLoS Genet 2006;2:e37. [PubMed: 16683026]
Galbiati F, Basso V, Cantuti L, Givogri MI, Lopez-Rosas A, Perez N, Vasu C, Cao H, van Breemen R,
Mondino A, Bongarzone ER. Autonomic denervation of lymphoid organs leads to epigenetic
immune atrophy in a mouse model of Krabbe disease. J Neurosci 2007;27:13730–8. [PubMed:
18077684]
Gantier MP, Baugh JA, Donnelly SC. Nuclear transcription of long hairpin RNA triggers innate immune
responses. J Interferon Cytokine Res 2007;27:789–97. [PubMed: 17892400]
Gao FB. Posttranscriptional control of neuronal development by microRNA networks. Trends Neurosci
2008;31:20–6. [PubMed: 18054394]
Garber KB, Visootsak J, Warren ST. Fragile X syndrome. Eur J Hum Genet 2008;16:666–72. [PubMed:
18398441]
Garcia-Perez JL, Doucet AJ, Bucheton A, Moran JV, Gilbert N. Distinct mechanisms for trans-mediated
mobilization of cellular RNAs by the LINE-1 reverse transcriptase. Genome Res 2007;17:602–11.
[PubMed: 17416749]
Gerstein MB, Bruce C, Rozowsky JS, Zheng D, Du J, Korbel JO, Emanuelsson O, Zhang ZD, Weissman
S, Snyder M. What is a gene, post-ENCODE? History and updated definition. Genome Res
2007;17:669–81. [PubMed: 17567988]
Giacometti E, Luikenhuis S, Beard C, Jaenisch R. Partial rescue of MeCP2 deficiency by postnatal
activation of MeCP2. Proc Natl Acad Sci U S A 2007;104:1931–6. [PubMed: 17267601]
Gilbertson RJ, Rich JN. Making a tumour’s bed: glioblastoma stem cells and the vascular niche. Nat Rev
Cancer 2007;7:733–6. [PubMed: 17882276]
Gingeras TR. Origin of phenotypes: genes and transcripts. Genome Res 2007;17:682–90. [PubMed:
17567989]
Godde JS, Ura K. Cracking the enigmatic linker histone code. J Biochem 2008;143:287–93. [PubMed:
18234717]
Gonzalez-Maeso J, Ang RL, Yuen T, Chan P, Weisstaub NV, Lopez-Gimenez JF, Zhou M, Okawa Y,
Callado LF, Milligan G, Gingrich JA, Filizola M, Meana JJ, Sealfon SC. Identification of a
serotonin/glutamate receptor complex implicated in psychosis. Nature 2008;452:93–7. [PubMed:
18297054]
Govindarajan A, Kelleher RJ, Tonegawa S. A clustered plasticity model of long-term memory engrams.
Nat Rev Neurosci 2006;7:575–83. [PubMed: 16791146]

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 54

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Gratchev A, Strein P, Utikal J, Sergij G. Molecular genetics of Xeroderma pigmentosum variant. Exp
Dermatol 2003;12:529–36. [PubMed: 14705792]
Gray SG, Dangond F. Rationale for the use of histone deacetylase inhibitors as a dual therapeutic modality
in multiple sclerosis. Epigenetics 2006;1:67–75. [PubMed: 17998807]
Greene LA, Liu DX, Troy CM, Biswas SC. Cell cycle molecules define a pathway required for neuron
death in development and disease. Biochim Biophys Acta 2007;1772:392–401. [PubMed:
17229557]
Grewal SI, Jia S. Heterochromatin revisited. Nat Rev Genet 2007;8:35–46. [PubMed: 17173056]
Grimaud C, Bantignies F, Pal-Bhadra M, Ghana P, Bhadra U, Cavalli G. RNAi components are required
for nuclear clustering of Polycomb group response elements. Cell 2006;124:957–71. [PubMed:
16530043]
Groth A, Rocha W, Verreault A, Almouzni G. Chromatin challenges during DNA replication and repair.
Cell 2007;128:721–33. [PubMed: 17320509]
Grummt I. Different epigenetic layers engage in complex crosstalk to define the epigenetic state of
mammalian rRNA genes. Hum Mol Genet 2007;16(Spec No 1):R21–7. [PubMed: 17613545]
Gu Y, Nelson DL. FMR2 function: insight from a mouse knockout model. Cytogenet Genome Res
2003;100:129–39. [PubMed: 14526173]
Guan Z, Saraswati S, Adolfsen B, Littleton JT. Genome-wide transcriptional changes associated with
enhanced activity in the Drosophila nervous system. Neuron 2005;48:91–107. [PubMed: 16202711]
Guardavaccaro D, Frescas D, Dorrello NV, Peschiaroli A, Multani AS, Cardozo T, Lasorella A, Iavarone
A, Chang S, Hernando E, Pagano M. Control of chromosome stability by the beta-TrCP-RESTMad2 axis. Nature 2008;452:365–9. [PubMed: 18354482]
Gueven N, Chen P, Nakamura J, Becherel OJ, Kijas AW, Grattan-Smith P, Lavin MF. A subgroup of
spinocerebellar ataxias defective in DNA damage responses. Neuroscience 2007;145:1418–25.
[PubMed: 17224243]
Guy J, Gan J, Selfridge J, Cobb S, Bird A. Reversal of neurological defects in a mouse model of Rett
syndrome. Science 2007;315:1143–7. [PubMed: 17289941]
Gwack Y, Sharma S, Nardone J, Tanasa B, Iuga A, Srikanth S, Okamura H, Bolton D, Feske S, Hogan
PG, Rao A. A genome-wide Drosophila RNAi screen identifies DYRK-family kinases as regulators
of NFAT. Nature 2006;441:646–50. [PubMed: 16511445]
Gyorgy AB, Szemes M, de Juan Romero C, Tarabykin V, Agoston DV. SATB2 interacts with chromatinremodeling molecules in differentiating cortical neurons. Eur J Neurosci 2008;27:865–73.
[PubMed: 18333962]
Hafler DA, Compston A, Sawcer S, Lander ES, Daly MJ, De Jager PL, de Bakker PI, Gabriel SB, Mirel
DB, Ivinson AJ, Pericak-Vance MA, Gregory SG, Rioux JD, McCauley JL, Haines JL, Barcellos
LF, Cree B, Oksenberg JR, Hauser SL. Risk alleles for multiple sclerosis identified by a genomewide
study. N Engl J Med 2007;357:851–62. [PubMed: 17660530]
Hajkova P, Ancelin K, Waldmann T, Lacoste N, Lange UC, Cesari F, Lee C, Almouzni G, Schneider R,
Surani MA. Chromatin dynamics during epigenetic reprogramming in the mouse germ line. Nature
2008;452:877–81. [PubMed: 18354397]
Han HJ, Russo J, Kohwi Y, Kohwi-Shigematsu T. SATB1 reprogrammes gene expression to promote
breast tumour growth and metastasis. Nature 2008;452:187–93. [PubMed: 18337816]
Han J, Kim D, Morris KV. Promoter-associated RNA is required for RNA-directed transcriptional gene
silencing in human cells. Proc Natl Acad Sci U S A 2007;104:12422–7. [PubMed: 17640892]
Hanisch UK, Johnson TV, Kipnis J. Toll-like receptors: roles in neuroprotection? Trends Neurosci
2008;31:176–182. [PubMed: 18329736]
Hanson JE, Madison DV. Presynaptic FMR1 genotype influences the degree of synaptic connectivity in
a mosaic mouse model of fragile X syndrome. J Neurosci 2007;27:4014–8. [PubMed: 17428978]
Hansson CM, Buckley PG, Grigelioniene G, Piotrowski A, Hellstrom AR, Mantripragada K, Jarbo C,
Mathiesen T, Dumanski JP. Comprehensive genetic and epigenetic analysis of sporadic
meningioma for macro-mutations on 22q and micro-mutations within the NF2 locus. BMC
Genomics 2007;8:16. [PubMed: 17222329]
Harjes P, Wanker EE. The hunt for huntingtin function: interaction partners tell many different stories.
Trends Biochem Sci 2003;28:425–33. [PubMed: 12932731]
Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 55

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Hasler J, Strub K. Alu elements as regulators of gene expression. Nucleic Acids Res 2006;34:5491–7.
[PubMed: 17020921]
Hauser SL, Oksenberg JR. The neurobiology of multiple sclerosis: genes, inflammation, and
neurodegeneration. Neuron 2006;52:61–76. [PubMed: 17015227]
Hayakawa-Yano Y, Nishida K, Fukami S, Gotoh Y, Hirano T, Nakagawa T, Shimazaki T, Okano H.
Epidermal growth factor signaling mediated by grb2 associated binder1 is required for the
spatiotemporally regulated proliferation of olig2-expressing progenitors in the embryonic spinal
cord. Stem Cells 2007;25:1410–22. [PubMed: 17332510]
Hebert SS, De Strooper B. Molecular biology. miRNAs in neurodegeneration. Science 2007;317:1179–
80. [PubMed: 17761871]
Helmlinger D, Hardy S, Sasorith S, Klein F, Robert F, Weber C, Miguet L, Potier N, Van-Dorsselaer A,
Wurtz JM, Mandel JL, Tora L, Devys D. Ataxin-7 is a subunit of GCN5 histone acetyltransferasecontaining complexes. Hum Mol Genet 2004;13:1257–65. [PubMed: 15115762]
Herbert A. The four Rs of RNA-directed evolution. Nat Genet 2004;36:19–25. [PubMed: 14702037]
Herbert MR, Russo JP, Yang S, Roohi J, Blaxill M, Kahler SG, Cremer L, Hatchwell E. Autism and
environmental genomics. Neurotoxicology 2006;27:671–84. [PubMed: 16644012]
Hesson L, Bieche I, Krex D, Criniere E, Hoang-Xuan K, Maher ER, Latif F. Frequent epigenetic
inactivation of RASSF1A and BLU genes located within the critical 3p21.3 region in gliomas.
Oncogene 2004;23:2408–19. [PubMed: 14743209]
Hickey WF. Basic principles of immunological surveillance of the normal central nervous system. Glia
2001;36:118–24. [PubMed: 11596120]
Hirayama J, Sahar S, Grimaldi B, Tamaru T, Takamatsu K, Nakahata Y, Sassone-Corsi P. CLOCKmediated acetylation of BMAL1 controls circadian function. Nature 2007;450:1086–90. [PubMed:
18075593]
Hobbs CA, Cleves MA, Lauer RM, Burns TL, James SJ. Preferential transmission of the MTHFR 677
T allele to infants with Down syndrome: implications for a survival advantage. Am J Med Genet
2002;113:9–14. [PubMed: 12400059]
Hobert O. Architecture of a microRNA-controlled gene regulatory network that diversifies neuronal cell
fates. Cold Spring Harb Symp Quant Biol 2006;71:181–8. [PubMed: 17381295]
Hock J, Weinmann L, Ender C, Rudel S, Kremmer E, Raabe M, Urlaub H, Meister G. Proteomic and
functional analysis of Argonaute-containing mRNA-protein complexes in human cells. EMBO Rep
2007;8:1052–60. [PubMed: 17932509]
Hogan C, Varga-Weisz P. The regulation of ATP-dependent nucleosome remodelling factors. Mutat Res
2007;618:41–51. [PubMed: 17306842]
Hong EJ, West AE, Greenberg ME. Transcriptional control of cognitive development. Curr Opin
Neurobiol 2005;15:21–8. [PubMed: 15721740]
Honjo T, Nagaoka H, Shinkura R, Muramatsu M. AID to overcome the limitations of genomic
information. Nat Immunol 2005;6:655–61. [PubMed: 15970938]
Horn D, Chyrek M, Kleier S, Luttgen S, Bolz H, Hinkel GK, Korenke GC, Riess A, Schell-Apacik C,
Tinschert S, Wieczorek D, Gillessen-Kaesbach G, Kutsche K. Novel mutations in BCOR in three
patients with oculo-facio-cardio-dental syndrome, but none in Lenz microphthalmia syndrome. Eur
J Hum Genet 2005;13:563–9. [PubMed: 15770227]
Horsthemke B, Wagstaff J. Mechanisms of imprinting of the Prader-Willi/Angelman region. Am J Med
Genet A 2008;146A:2041–52. [PubMed: 18627066]
Hsieh J, Gage FH. Epigenetic control of neural stem cell fate. Curr Opin Genet Dev 2004;14:461–9.
[PubMed: 15380235]
Hsieh J, Gage FH. Chromatin remodeling in neural development and plasticity. Curr Opin Cell Biol
2005;17:664–71. [PubMed: 16226449]
Huang HS, Matevossian A, Whittle C, Kim SY, Schumacher A, Baker SP, Akbarian S. Prefrontal
dysfunction in schizophrenia involves mixed-lineage leukemia 1-regulated histone methylation at
GABAergic gene promoters. J Neurosci 2007a;27:11254–62. [PubMed: 17942719]
Huang J, Liang Z, Yang B, Tian H, Ma J, Zhang H. Derepression of microRNA-mediated protein
translation inhibition by apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3G
(APOBEC3G) and its family members. J Biol Chem 2007b;282:33632–40. [PubMed: 17848567]
Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 56

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Huh GS, Boulanger LM, Du H, Riquelme PA, Brotz TM, Shatz CJ. Functional requirement for class I
MHC in CNS development and plasticity. Science 2000;290:2155–9. [PubMed: 11118151]
Huttenhofer A, Brosius J, Bachellerie JP. RNomics: identification and function of small, non-messenger
RNAs. Curr Opin Chem Biol 2002;6:835–43. [PubMed: 12470739]
Hutvagner G, Simard MJ. Argonaute proteins: key players in RNA silencing. Nat Rev Mol Cell Biol
2008;9:22–32. [PubMed: 18073770]
Inagaki S, Numata K, Kondo T, Tomita M, Yasuda K, Kanai A, Kageyama Y. Identification and
expression analysis of putative mRNA-like non-coding RNA in Drosophila. Genes Cells
2005;10:1163–73. [PubMed: 16324153]
Inda MM, Munoz J, Coullin P, Fauvet D, Danglot G, Tunon T, Bernheim A, Castresana JS. High promoter
hypermethylation frequency of p14/ARF in supratentorial PNET but not in medulloblastoma.
Histopathology 2006;48:579–87. [PubMed: 16623784]
Isalan M, Lemerle C, Michalodimitrakis K, Horn C, Beltrao P, Raineri E, Garriga-Canut M, Serrano L.
Evolvability and hierarchy in rewired bacterial gene networks. Nature 2008;452:840–5. [PubMed:
18421347]
Isken O, Maquat LE. Quality control of eukaryotic mRNA: safeguarding cells from abnormal mRNA
function. Genes Dev 2007;21:1833–56. [PubMed: 17671086]
Ito K, Bernardi R, Morotti A, Matsuoka S, Saglio G, Ikeda Y, Rosenblatt J, Avigan DE, Teruya-Feldstein
J, Pandolfi PP. PML targeting eradicates quiescent leukaemia-initiating cells. Nature. 2008
Ito T. Role of histone modification in chromatin dynamics. J Biochem (Tokyo) 2007;141:609–14.
[PubMed: 17405795]
Jedele KB. The overlapping spectrum of rett and angelman syndromes: a clinical review. Semin Pediatr
Neurol 2007;14:108–17. [PubMed: 17980307]
Jensen O, Kaiser J, Lachaux JP. Human gamma-frequency oscillations associated with attention and
memory. Trends Neurosci 2007;30:317–24. [PubMed: 17499860]
Jepsen K, Solum D, Zhou T, McEvilly RJ, Kim HJ, Glass CK, Hermanson O, Rosenfeld MG. SMRTmediated repression of an H3K27 demethylase in progression from neural stem cell to neuron.
Nature. 2007
Jepson JE, Reenan RA. RNA editing in regulating gene expression in the brain. Biochim Biophys Acta.
2007
Jessen JR, Jessen TN, Vogel SS, Lin S. Concurrent expression of recombination activating genes 1 and
2 in zebrafish olfactory sensory neurons. Genesis 2001;29:156–62. [PubMed: 11309848]
Jin B, Tao Q, Peng J, Soo HM, Wu W, Ying J, Fields CR, Delmas AL, Liu X, Qiu J, Robertson KD.
DNA methyltransferase 3B (DNMT3B) mutations in ICF syndrome lead to altered epigenetic
modifications and aberrant expression of genes regulating development, neurogenesis and immune
function. Hum Mol Genet 2008;17:690–709. [PubMed: 18029387]
Jirtle RL, Skinner MK. Environmental epigenomics and disease susceptibility. Nat Rev Genet
2007;8:253–62. [PubMed: 17363974]
Johnson R, Zuccato C, Belyaev ND, Guest DJ, Cattaneo E, Buckley NJ. A microRNA-based gene
dysregulation pathway in Huntington’s disease. Neurobiol Dis 2008;29:438–45. [PubMed:
18082412]
Jong MT, Gray TA, Ji Y, Glenn CC, Saitoh S, Driscoll DJ, Nicholls RD. A novel imprinted gene, encoding
a RING zinc-finger protein, and overlapping antisense transcript in the Prader-Willi syndrome
critical region. Hum Mol Genet 1999;8:783–93. [PubMed: 10196367]
Jose AM, Hunter CP. Transport of Sequence-Specific RNA Interference Information Between Cells.
Annu Rev Genet. 2007
Jover-Mengual T, Zukin RS, Etgen AM. MAPK signaling is critical to estradiol protection of CA1
neurons in global ischemia. Endocrinology 2007;148:1131–43. [PubMed: 17138646]
Jurka J. Evolutionary impact of human Alu repetitive elements. Curr Opin Genet Dev 2004;14:603–8.
[PubMed: 15531153]
Kaiko GE, Horvat JC, Beagley KW, Hansbro PM. Immunological decision-making: how does the
immune system decide to mount a helper T-cell response? Immunology 2008;123:326–38.
[PubMed: 17983439]

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 57

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Kalamarides M, Niwa-Kawakita M, Leblois H, Abramowski V, Perricaudet M, Janin A, Thomas G,
Gutmann DH, Giovannini M. Nf2 gene inactivation in arachnoidal cells is rate-limiting for
meningioma development in the mouse. Genes Dev 2002;16:1060–5. [PubMed: 12000789]
Kaltenbach LS, Romero E, Becklin RR, Chettier R, Bell R, Phansalkar A, Strand A, Torcassi C, Savage
J, Hurlburt A, Cha GH, Ukani L, Chepanoske CL, Zhen Y, Sahasrabudhe S, Olson J, Kurschner C,
Ellerby LM, Peltier JM, Botas J, Hughes RE. Huntingtin interacting proteins are genetic modifiers
of neurodegeneration. PLoS Genet 2007;3:e82. [PubMed: 17500595]
Kamakaka RT, Biggins S. Histone variants: deviants? Genes Dev 2005;19:295–310. [PubMed:
15687254]
Kan PX, Popendikyte V, Kaminsky ZA, Yolken RH, Petronis A. Epigenetic studies of genomic
retroelements in major psychosis. Schizophr Res 2004;67:95–106. [PubMed: 14741329]
Kaneko R, Esumi S, Yagi T, Hirabayashi T. Predominant expression of rTERTb, an inactive TERT
variant, in the adult rat brain. Protein Pept Lett 2006;13:59–65. [PubMed: 16454671]
Kapranov P, Cheng J, Dike S, Nix DA, Duttagupta R, Willingham AT, Stadler PF, Hertel J, Hackermuller
J, Hofacker IL, Bell I, Cheung E, Drenkow J, Dumais E, Patel S, Helt G, Ganesh M, Ghosh S,
Piccolboni A, Sementchenko V, Tammana H, Gingeras TR. RNA maps reveal new RNA classes
and a possible function for pervasive transcription. Science 2007a;316:1484–8. [PubMed:
17510325]
Kapranov P, Willingham AT, Gingeras TR. Genome-wide transcription and the implications for genomic
organization. Nat Rev Genet 2007b;8:413–23. [PubMed: 17486121]
Katayama S, Tomaru Y, Kasukawa T, Waki K, Nakanishi M, Nakamura M, Nishida H, Yap CC, Suzuki
M, Kawai J, Suzuki H, Carninci P, Hayashizaki Y, Wells C, Frith M, Ravasi T, Pang KC, Hallinan
J, Mattick J, Hume DA, Lipovich L, Batalov S, Engstrom PG, Mizuno Y, Faghihi MA, Sandelin
A, Chalk AM, Mottagui-Tabar S, Liang Z, Lenhard B, Wahlestedt C. Antisense transcription in the
mammalian transcriptome. Science 2005;309:1564–6. [PubMed: 16141073]
Kawahara Y, Nishikura K. Extensive adenosine-to-inosine editing detected in Alu repeats of antisense
RNAs reveals scarcity of sense-antisense duplex formation. FEBS Lett 2006;580:2301–5.
[PubMed: 16574103]
Kawahara Y, Sun H, Ito K, Hideyama T, Aoki M, Sobue G, Tsuji S, Kwak S. Underediting of GluR2
mRNA, a neuronal death inducing molecular change in sporadic ALS, does not occur in motor
neurons in ALS1 or SBMA. Neurosci Res 2006;54:11–4. [PubMed: 16225946]
Keene JD. RNA regulons: coordination of post-transcriptional events. Nat Rev Genet 2007;8:533–43.
[PubMed: 17572691]
Kelkar YD, Tyekucheva S, Chiaromonte F, Makova KD. The genome-wide determinants of human and
chimpanzee microsatellite evolution. Genome Res 2008;18:30–8. [PubMed: 18032720]
Kelly MT, Crary JF, Sacktor TC. Regulation of protein kinase Mzeta synthesis by multiple kinases in
long-term potentiation. J Neurosci 2007;27:3439–44. [PubMed: 17392460]
Khalil AM, Faghihi MA, Modarresi F, Brothers SP, Wahlestedt C. A novel RNA transcript with
antiapoptotic function is silenced in fragile X syndrome. PLoS ONE 2008;3:e1486. [PubMed:
18213394]
Kijas AW, Harris JL, Harris JM, Lavin MF. Aprataxin forms a discrete branch in the HIT (histidine triad)
superfamily of proteins with both DNA/RNA binding and nucleotide hydrolase activities. J Biol
Chem 2006;281:13939–48. [PubMed: 16547001]
Kim D, Nguyen MD, Dobbin MM, Fischer A, Sananbenesi F, Rodgers JT, Delalle I, Baur JA, Sui G,
Armour SM, Puigserver P, Sinclair DA, Tsai LH. SIRT1 deacetylase protects against
neurodegeneration in models for Alzheimer’s disease and amyotrophic lateral sclerosis. Embo J
2007a;26:3169–79. [PubMed: 17581637]
Kim HS, Yi JM, Hirai H, Huh JW, Jeong MS, Jang SB, Kim CG, Saitou N, Hyun BH, Lee WH. Human
Endogenous Retrovirus (HERV)-R family in primates: Chromosomal location, gene expression,
and evolution. Gene 2006a;370:34–42. [PubMed: 16443335]
Kim J, Inoue K, Ishii J, Vanti WB, Voronov SV, Murchison E, Hannon G, Abeliovich A. A MicroRNA
feedback circuit in midbrain dopamine neurons. Science 2007b;317:1220–4. [PubMed: 17761882]

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 58

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Kim J, Krichevsky A, Grad Y, Hayes GD, Kosik KS, Church GM, Ruvkun G. Identification of many
microRNAs that copurify with polyribosomes in mammalian neurons. Proc Natl Acad Sci U S A
2004;101:360–5. [PubMed: 14691248]
Kim MO, Chawla P, Overland RP, Xia E, Sadri-Vakili G, Cha JH. Altered histone monoubiquitylation
mediated by mutant huntingtin induces transcriptional dysregulation. J Neurosci 2008;28:3947–57.
[PubMed: 18400894]
Kim SY, Levenson JM, Korsmeyer S, Sweatt JD, Schumacher A. Developmental regulation of Eed
complex composition governs a switch in global histone modification in brain. J Biol Chem 2007c;
282:9962–72. [PubMed: 17259173]
Kim TY, Jong HS, Song SH, Dimtchev A, Jeong SJ, Lee JW, Kim NK, Jung M, Bang YJ. Transcriptional
silencing of the DLC-1 tumor suppressor gene by epigenetic mechanism in gastric cancer cells.
Oncogene 2003;22:3943–51. [PubMed: 12813468]
Kim TY, Zhong S, Fields CR, Kim JH, Robertson KD. Epigenomic profiling reveals novel and frequent
targets of aberrant DNA methylation-mediated silencing in malignant glioma. Cancer Res 2006b;
66:7490–501. [PubMed: 16885346]
Kishino T. Imprinting in neurons. Cytogenet Genome Res 2006;113:209–14. [PubMed: 16575182]
Kishore S, Stamm S. The snoRNA HBII-52 regulates alternative splicing of the serotonin receptor 2C.
Science 2006;311:230–2. [PubMed: 16357227]
Kittler JT. Censoring the editor in transient forebrain ischemia. Neuron 2006;49:646–8. [PubMed:
16504939]
Kleinjan DA, van Heyningen V. Long-range control of gene expression: emerging mechanisms and
disruption in disease. Am J Hum Genet 2005;76:8–32. [PubMed: 15549674]
Kleinman ME, Yamada K, Takeda A, Chandrasekaran V, Nozaki M, Baffi JZ, Albuquerque RJ, Yamasaki
S, Itaya M, Pan Y, Appukuttan B, Gibbs D, Yang Z, Kariko K, Ambati BK, Wilgus TA, DiPietro
LA, Sakurai E, Zhang K, Smith JR, Taylor EW, Ambati J. Sequence- and target-independent
angiogenesis suppression by siRNA via TLR3. Nature 2008;452:591–7. [PubMed: 18368052]
Klose RJ, Bird AP. Genomic DNA methylation: the mark and its mediators. Trends Biochem Sci
2006;31:89–97. [PubMed: 16403636]
Knudsen GP, Harbo HF, Smestad C, Celius EG, Akesson E, Oturai A, Ryder LP, Spurkland A, Orstavik
KH. X chromosome inactivation in females with multiple sclerosis. Eur J Neurol 2007;14:1392–6.
[PubMed: 17970735]
Koebel CM, Vermi W, Swann JB, Zerafa N, Rodig SJ, Old LJ, Smyth MJ, Schreiber RD. Adaptive
immunity maintains occult cancer in an equilibrium state. Nature 2007;450:903–7. [PubMed:
18026089]
Kondo T. Epigenetic alchemy for cell fate conversion. Curr Opin Genet Dev 2006;16:502–7. [PubMed:
16844365]
Korneev S, O’Shea M. Evolution of nitric oxide synthase regulatory genes by DNA inversion. Mol Biol
Evol 2002;19:1228–33. [PubMed: 12140234]
Korneev S, O’Shea M. Natural antisense RNAs in the nervous system. Rev Neurosci 2005;16:213–22.
[PubMed: 16323561]
Kosik KS. The neuronal microRNA system. Nat Rev Neurosci 2006;7:911–20. [PubMed: 17115073]
Kouzarides T. Chromatin modifications and their function. Cell 2007;128:693–705. [PubMed:
17320507]
Kovtun IV, Liu Y, Bjoras M, Klungland A, Wilson SH, McMurray CT. OGG1 initiates age-dependent
CAG trinucleotide expansion in somatic cells. Nature 2007;447:447–52. [PubMed: 17450122]
Kovtun IV, McMurray CT. Features of trinucleotide repeat instability in vivo. Cell Res 2008;18:198–
213. [PubMed: 18166978]
Krichevsky AM, King KS, Donahue CP, Khrapko K, Kosik KS. A microRNA array reveals extensive
regulation of microRNAs during brain development. Rna 2003;9:1274–81. [PubMed: 13130141]
Kumar A, Choi KH, Renthal W, Tsankova NM, Theobald DE, Truong HT, Russo SJ, Laplant Q, Sasaki
TS, Whistler KN, Neve RL, Self DW, Nestler EJ. Chromatin remodeling is a key mechanism
underlying cocaine-induced plasticity in striatum. Neuron 2005;48:303–14. [PubMed: 16242410]

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 59

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Kumar PP, Bischof O, Purbey PK, Notani D, Urlaub H, Dejean A, Galande S. Functional interaction
between PML and SATB1 regulates chromatin-loop architecture and transcription of the MHC class
I locus. Nat Cell Biol 2007;9:45–56. [PubMed: 17173041]
Kumar RA, KaraMohamed S, Sudi J, Conrad DF, Brune C, Badner JA, Gilliam TC, Nowak NJ, Cook
EH Jr, Dobyns WB, Christian SL. Recurrent 16p11.2 microdeletions in autism. Hum Mol Genet
2008;17:628–38. [PubMed: 18156158]
Kuraoka I, Ito S, Wada T, Hayashida M, Lee L, Saijo M, Nakatsu Y, Matsumoto M, Matsunaga T, Handa
H, Qin J, Nakatani Y, Tanaka K. Isolation of XAB2 complex involved in pre-mRNA splicing,
transcription, and transcription-coupled repair. J Biol Chem 2008;283:940–50. [PubMed:
17981804]
Kuwabara T, Hsieh J, Nakashima K, Taira K, Gage FH. A small modulatory dsRNA specifies the fate
of adult neural stem cells. Cell 2004;116:779–93. [PubMed: 15035981]
Ladd PD, Smith LE, Rabaia NA, Moore JM, Georges SA, Hansen RS, Hagerman RJ, Tassone F, Tapscott
SJ, Filippova GN. An antisense transcript spanning the CGG repeat region of FMR1 is upregulated
in premutation carriers but silenced in full mutation individuals. Hum Mol Genet 2007;16:3174–
87. [PubMed: 17921506]
Ladd-Acosta C, Pevsner J, Sabunciyan S, Yolken RH, Webster MJ, Dinkins T, Callinan PA, Fan JB,
Potash JB, Feinberg AP. DNA methylation signatures within the human brain. Am J Hum Genet
2007;81:1304–15. [PubMed: 17999367]
Ladurner AG. Rheostat control of gene expression by metabolites. Mol Cell 2006;24:1–11. [PubMed:
17018288]
Lam FH, Steger DJ, O’Shea EK. Chromatin decouples promoter threshold from dynamic range. Nature
2008;453:246–50. [PubMed: 18418379]
Lane N, Dean W, Erhardt S, Hajkova P, Surani A, Walter J, Reik W. Resistance of IAPs to methylation
reprogramming may provide a mechanism for epigenetic inheritance in the mouse. Genesis
2003;35:88–93. [PubMed: 12533790]
Lau CG, Zukin RS. NMDA receptor trafficking in synaptic plasticity and neuropsychiatric disorders. Nat
Rev Neurosci 2007;8:413–26. [PubMed: 17514195]
LeBeau FE, Traub RD, Monyer H, Whittington MA, Buhl EH. The role of electrical signaling via gap
junctions in the generation of fast network oscillations. Brain Res Bull 2003;62:3–13. [PubMed:
14596887]
Lee J, Son MJ, Woolard K, Donin NM, Li A, Cheng CH, Kotliarova S, Kotliarov Y, Walling J, Ahn S,
Kim M, Totonchy M, Cusack T, Ene C, Ma H, Su Q, Zenklusen JC, Zhang W, Maric D, Fine HA.
Epigenetic-mediated dysfunction of the bone morphogenetic protein pathway inhibits
differentiation of glioblastoma-initiating cells. Cancer Cell 2008;13:69–80. [PubMed: 18167341]
Lee MG, Wynder C, Schmidt DM, McCafferty DG, Shiekhattar R. Histone H3 lysine 4 demethylation
is a target of nonselective antidepressive medications. Chem Biol 2006;13:563–7. [PubMed:
16793513]
Legendre M, Pochet N, Pak T, Verstrepen KJ. Sequence-based estimation of minisatellite and
microsatellite repeat variability. Genome Res. 2007
Lei EP, Corces VG. RNA interference machinery influences the nuclear organization of a chromatin
insulator. Nat Genet 2006;38:936–41. [PubMed: 16862159]
Leliveld SR, Bader V, Hendriks P, Prikulis I, Sajnani G, Requena JR, Korth C. Insolubility of disruptedin-schizophrenia 1 disrupts oligomer-dependent interactions with nuclear distribution element 1
and is associated with sporadic mental disease. J Neurosci 2008;28:3839–45. [PubMed: 18400883]
Leng Y, Liang MH, Ren M, Marinova Z, Leeds P, Chuang DM. Synergistic neuroprotective effects of
lithium and valproic acid or other histone deacetylase inhibitors in neurons: roles of glycogen
synthase kinase-3 inhibition. J Neurosci 2008;28:2576–88. [PubMed: 18322101]
Lerer I, Sagi M, Meiner V, Cohen T, Zlotogora J, Abeliovich D. Deletion of the ANKRD15 gene at
9p24.3 causes parent-of-origin-dependent inheritance of familial cerebral palsy. Hum Mol Genet
2005;14:3911–20. [PubMed: 16301218]
Lesnick TG, Papapetropoulos S, Mash DC, Ffrench-Mullen J, Shehadeh L, de Andrade M, Henley JR,
Rocca WA, Ahlskog JE, Maraganore DM. A genomic pathway approach to a complex disease:
axon guidance and Parkinson disease. PLoS Genet 2007;3:e98. [PubMed: 17571925]

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 60

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Lessard J, Wu JI, Ranish JA, Wan M, Winslow MM, Staahl BT, Wu H, Aebersold R, Graef IA, Crabtree
GR. An essential switch in subunit composition of a chromatin remodeling complex during neural
development. Neuron 2007;55:201–15. [PubMed: 17640523]
Lestrade L, Weber MJ. snoRNA-LBME-db, a comprehensive database of human H/ACA and C/D box
snoRNAs. Nucleic Acids Res 2006;34:D158–62. [PubMed: 16381836]
Leung C, Lingbeek M, Shakhova O, Liu J, Tanger E, Saremaslani P, Van Lohuizen M, Marino S. Bmi1
is essential for cerebellar development and is overexpressed in human medulloblastomas. Nature
2004;428:337–41. [PubMed: 15029199]
Lev-Maor G, Sorek R, Levanon EY, Paz N, Eisenberg E, Ast G. RNA-editing-mediated exon evolution.
Genome Biol 2007;8:R29. [PubMed: 17326827]
Levanon EY, Eisenberg E, Yelin R, Nemzer S, Hallegger M, Shemesh R, Fligelman ZY, Shoshan A,
Pollock SR, Sztybel D, Olshansky M, Rechavi G, Jantsch MF. Systematic identification of abundant
A-to-I editing sites in the human transcriptome. Nat Biotechnol 2004;22:1001–5. [PubMed:
15258596]
Levenson JM, Qiu S, Weeber EJ. The role of reelin in adult synaptic function and the genetic and
epigenetic regulation of the reelin gene. Biochim Biophys Acta. 2008
Levenson JM, Sweatt JD. Epigenetic mechanisms in memory formation. Nat Rev Neurosci 2005;6:108–
18. [PubMed: 15654323]
Levine AA, Guan Z, Barco A, Xu S, Kandel ER, Schwartz JH. CREB-binding protein controls response
to cocaine by acetylating histones at the fosB promoter in the mouse striatum. Proc Natl Acad Sci
U S A 2005;102:19186–91. [PubMed: 16380431]
Li CF, Henderson IR, Song L, Fedoroff N, Lagrange T, Jacobsen SE. Dynamic regulation of
ARGONAUTE4 within multiple nuclear bodies in Arabidopsis thaliana. PLoS Genet 2008a;4:e27.
[PubMed: 18266474]
Li LB, Yu Z, Teng X, Bonini NM. RNA toxicity is a component of ataxin-3 degeneration in Drosophila.
Nature. 2008b
Li S, Ostwald D, Giese M, Kourtzi Z. Flexible coding for categorical decisions in the human brain. J
Neurosci 2007a;27:12321–30. [PubMed: 17989296]
Li XJ, Friedman M, Li S. Interacting proteins as genetic modifiers of Huntington disease. Trends Genet
2007b;23:531–3. [PubMed: 17961788]
Ligon KL, Huillard E, Mehta S, Kesari S, Liu H, Alberta JA, Bachoo RM, Kane M, Louis DN, Depinho
RA, Anderson DJ, Stiles CD, Rowitch DH. Olig2-regulated lineage-restricted pathway controls
replication competence in neural stem cells and malignant glioma. Neuron 2007;53:503–17.
[PubMed: 17296553]
Lim J, Crespo-Barreto J, Jafar-Nejad P, Bowman AB, Richman R, Hill DE, Orr HT, Zoghbi HY.
Opposing effects of polyglutamine expansion on native protein complexes contribute to SCA1.
Nature 2008;452:713–8. [PubMed: 18337722]
Lin L, Osan R, Tsien JZ. Organizing principles of real-time memory encoding: neural clique assemblies
and universal neural codes. Trends Neurosci 2006;29:48–57. [PubMed: 16325278]
Lin YC, Lin JH, Chou CW, Chang YF, Yeh SH, Chen CC. Statins increase p21 through inhibition of
histone deacetylase activity and release of promoter-associated HDAC1/2. Cancer Res
2008;68:2375–83. [PubMed: 18381445]
Lindsey JC, Anderton JA, Lusher ME, Clifford SC. Epigenetic events in medulloblastoma development.
Neurosurg Focus 2005;19:E10. [PubMed: 16398460]
Lindsey JC, Lusher ME, Anderton JA, Bailey S, Gilbertson RJ, Pearson AD, Ellison DW, Clifford SC.
Identification of tumour-specific epigenetic events in medulloblastoma development by
hypermethylation profiling. Carcinogenesis 2004;25:661–8. [PubMed: 14688019]
Lindsey JC, Lusher ME, Anderton JA, Gilbertson RJ, Ellison DW, Clifford SC. Epigenetic deregulation
of multiple S100 gene family members by differential hypomethylation and hypermethylation
events in medulloblastoma. Br J Cancer 2007;97:267–74. [PubMed: 17579622]
Ling JQ, Hoffman AR. Epigenetics of long-range chromatin interactions. Pediatr Res 2007;61:11R–16R.
Liu G, Chen X. DNA polymerase eta, the product of the xeroderma pigmentosum variant gene and a
target of p53, modulates the DNA damage checkpoint and p53 activation. Mol Cell Biol
2006;26:1398–413. [PubMed: 16449651]
Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 61

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Liu YF, Deth RC, Devys D. SH3 domain-dependent association of huntingtin with epidermal growth
factor receptor signaling complexes. J Biol Chem 1997;272:8121–4. [PubMed: 9079622]
Lodish HF, Zhou B, Liu G, Chen CZ. Micromanagement of the immune system by microRNAs. Nat Rev
Immunol 2008;8:120–30. [PubMed: 18204468]
Love TM, Moffett HF, Novina CD. Not miR-ly small RNAs: big potential for microRNAs in therapy. J
Allergy Clin Immunol 2008;121:309–19. [PubMed: 18269923]
Lu B. The molecular mechanisms that control function and death of effector CD4+ T cells. Immunol Res
2006;36:275–82. [PubMed: 17337788]
Lu Q, Wu A, Tesmer L, Ray D, Yousif N, Richardson B. Demethylation of CD40LG on the inactive X
in T cells from women with lupus. J Immunol 2007;179:6352–8. [PubMed: 17947713]
Lu X, Kovalev GI, Chang H, Kallin E, Knudsen G, Xia L, Mishra N, Ruiz P, Li E, Su L, Zhang Y.
Inactivation of NuRD Component Mta2 Causes Abnormal T Cell Activation and Lupus-like
Autoimmune Disease in Mice. J Biol Chem 2008;283:13825–33. [PubMed: 18353770]
Lubs H, Abidi FE, Echeverri R, Holloway L, Meindl A, Stevenson RE, Schwartz CE. Golabi-Ito-Hall
syndrome results from a missense mutation in the WW domain of the PQBP1 gene. J Med Genet
2006;43:e30. [PubMed: 16740914]
Lusis EA, Watson MA, Chicoine MR, Lyman M, Roerig P, Reifenberger G, Gutmann DH, Perry A.
Integrative genomic analysis identifies NDRG2 as a candidate tumor suppressor gene frequently
inactivated in clinically aggressive meningioma. Cancer Res 2005;65:7121–6. [PubMed:
16103061]
Maenz B, Hekerman P, Vela EM, Galceran J, Becker W. Characterization of the human DYRK1A
promoter and its regulation by the transcription factor E2F1. BMC Mol Biol 2008;9:30. [PubMed:
18366763]
Mahadev K, Vemuri MC. Effect of ethanol on chromatin and nonhistone nuclear proteins in rat brain.
Neurochem Res 1998;23:1179–84. [PubMed: 9712188]
Maier LM, Anderson DE, De Jager PL, Wicker LS, Hafler DA. Allelic variant in CTLA4 alters T cell
phosphorylation patterns. Proc Natl Acad Sci U S A 2007;104:18607–12. [PubMed: 18000051]
Maison C, Bailly D, Peters AH, Quivy JP, Roche D, Taddei A, Lachner M, Jenuwein T, Almouzni G.
Higher-order structure in pericentric heterochromatin involves a distinct pattern of histone
modification and an RNA component. Nat Genet 2002;30:329–34. [PubMed: 11850619]
Makeyev EV, Zhang J, Carrasco MA, Maniatis T. The MicroRNA miR-124 promotes neuronal
differentiation by triggering brain-specific alternative pre-mRNA splicing. Mol Cell 2007;27:435–
48. [PubMed: 17679093]
Mameli G, Astone V, Khalili K, Serra C, Sawaya BE, Dolei A. Regulation of the syncytin-1 promoter
in human astrocytes by multiple sclerosis-related cytokines. Virology 2007;362:120–30. [PubMed:
17258784]
Martinez-Garay I, Tomas M, Oltra S, Ramser J, Molto MD, Prieto F, Meindl A, Kutsche K, Martinez F.
A two base pair deletion in the PQBP1 gene is associated with microphthalmia, microcephaly, and
mental retardation. Eur J Hum Genet 2007;15:29–34. [PubMed: 17033686]
Marubuchi S, Okuda T, Tagawa K, Enokido Y, Horiuchi D, Shimokawa R, Tamura T, Qi ML, Eishi Y,
Watabe K, Shibata M, Nakagawa M, Okazawa H. Hepatoma-derived growth factor, a new trophic
factor for motor neurons, is up-regulated in the spinal cord of PQBP-1 transgenic mice before onset
of degeneration. J Neurochem 2006;99:70–83. [PubMed: 16987236]
Matsumoto M, Setou M, Inokuchi K. Transcriptome analysis reveals the population of dendritic RNAs
and their redistribution by neural activity. Neurosci Res 2007;57:411–23. [PubMed: 17207874]
Matthews AG, Kuo AJ, Ramon-Maiques S, Han S, Champagne KS, Ivanov D, Gallardo M, Carney D,
Cheung P, Ciccone DN, Walter KL, Utz PJ, Shi Y, Kutateladze TG, Yang W, Gozani O, Oettinger
MA. RAG2 PHD finger couples histone H3 lysine 4 trimethylation with V(D)J recombination.
Nature 2007;450:1106–10. [PubMed: 18033247]
Mattick JS. RNA regulation: a new genetics? Nat Rev Genet 2004;5:316–23. [PubMed: 15131654]
Mattick JS. A new paradigm for developmental biology. J Exp Biol 2007;210:1526–47. [PubMed:
17449818]
Mattick JS, Makunin IV. Small regulatory RNAs in mammals. Hum Mol Genet 2005;14(Spec No
1):R121–32. [PubMed: 15809264]
Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 62

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Mattick JS, Makunin IV. Non-coding RNA. Hum Mol Genet 2006;15(Spec No 1):R17–29. [PubMed:
16651366]
Mattick JS, Mehler MF. RNA editing, DNA recoding and the evolution of human cognition. Trends
Neurosci 2008;31:227–33. [PubMed: 18395806]
Maurice T, Duclot F, Meunier J, Naert G, Givalois L, Meffre J, Celerier A, Jacquet C, Copois V, Mechti
N, Ozato K, Gongora C. Altered Memory Capacities and Response to Stress in p300/CBPAssociated Factor (PCAF) Histone Acetylase Knockout Mice. Neuropsychopharmacology
2008;33:1584–602. [PubMed: 17805310]
McFarland HF, Martin R. Multiple sclerosis: a complicated picture of autoimmunity. Nat Immunol
2007;8:913–9. [PubMed: 17712344]
McMurray CT. To die or not to die: DNA repair in neurons. Mutat Res 2005;577:260–74. [PubMed:
15921706]
McMurray HR, Sampson ER, Compitello G, Kinsey C, Newman L, Smith B, Chen SR, Klebanov L,
Salzman P, Yakovlev A, Land H. Synergistic response to oncogenic mutations defines gene class
critical to cancer phenotype. Nature. 2008
Meaney MJ, Szyf M. Environmental programming of stress responses through DNA methylation: life at
the interface between a dynamic environment and a fixed genome. Dialogues Clin Neurosci 2005a;
7:103–23. [PubMed: 16262207]
Meaney MJ, Szyf M. Maternal care as a model for experience-dependent chromatin plasticity? Trends
Neurosci 2005b;28:456–63. [PubMed: 16054244]
Medica I, Teran N, Volk M, Pfeifer V, Ladavac E, Peterlin B. Patients with primary cataract as a genetic
pool of DMPK protomutation. J Hum Genet 2007;52:123–8. [PubMed: 17146587]
Mehler MF. Mechanisms regulating lineage diversity during mammalian cerebral cortical neurogenesis
and gliogenesis. Results Probl Cell Differ 2002a;39:27–52. [PubMed: 12357985]
Mehler MF. Regional forebrain patterning and neural subtype specification: implications for cerebral
cortical functional connectivity and the pathogenesis of neurodegenerative diseases. Results Probl
Cell Differ 2002b;39:157–78. [PubMed: 12357984]
Mehler MF, Kessler JA. Hematolymphopoietic and inflammatory cytokines in neural development.
Trends Neurosci 1997;20:357–65. [PubMed: 9246730]
Mehler MF, Mattick JS. Non-coding RNAs in the nervous system. J Physiol 2006;575:333–41. [PubMed:
16809366]
Mehler MF, Mattick JS. Noncoding RNAs and RNA editing in brain development, functional
diversification, and neurological disease. Physiol Rev 2007;87:799–823. [PubMed: 17615389]
Meier UT. The many facets of H/ACA ribonucleoproteins. Chromosoma 2005;114:1–14. [PubMed:
15770508]
Mellon I. Transcription-coupled repair: a complex affair. Mutat Res 2005;577:155–61. [PubMed:
15913669]
Mercer TR, Dinger ME, Sunkin SM, Mehler MF, Mattick JS. Specific expression of long noncoding
RNAs in the mouse brain. Proc Natl Acad Sci U S A 2008;105:716–21. [PubMed: 18184812]
Messaoudi E, Kanhema T, Soule J, Tiron A, Dagyte G, da Silva B, Bramham CR. Sustained Arc/Arg3.1
synthesis controls long-term potentiation consolidation through regulation of local actin
polymerization in the dentate gyrus in vivo. J Neurosci 2007;27:10445–55. [PubMed: 17898216]
Metivier R, Gallais R, Tiffoche C, Le Peron C, Jurkowska RZ, Carmouche RP, Ibberson D, Barath P,
Demay F, Reid G, Benes V, Jeltsch A, Gannon F, Salbert G. Cyclical DNA methylation of a
transcriptionally active promoter. Nature 2008;452:45–50. [PubMed: 18322525]
Michishita E, McCord RA, Berber E, Kioi M, Padilla-Nash H, Damian M, Cheung P, Kusumoto R,
Kawahara TL, Barrett JC, Chang HY, Bohr VA, Ried T, Gozani O, Chua KF. SIRT6 is a histone
H3 lysine 9 deacetylase that modulates telomeric chromatin. Nature 2008;452:492–6. [PubMed:
18337721]
Mikkelsen TS, Hanna J, Zhang X, Ku M, Wernig M, Schorderet P, Bernstein BE, Jaenisch R, Lander
ES, Meissner A. Dissecting direct reprogramming through integrative genomic analysis. Nature.
2008
Mikkelsen TS, Ku M, Jaffe DB, Issac B, Lieberman E, Giannoukos G, Alvarez P, Brockman W, Kim
TK, Koche RP, Lee W, Mendenhall E, O’Donovan A, Presser A, Russ C, Xie X, Meissner A, Wernig
Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 63

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

M, Jaenisch R, Nusbaum C, Lander ES, Bernstein BE. Genome-wide maps of chromatin state in
pluripotent and lineage-committed cells. Nature 2007;448:553–60. [PubMed: 17603471]
Mill J, Petronis A. Molecular studies of major depressive disorder: the epigenetic perspective. Mol
Psychiatry 2007;12:799–814. [PubMed: 17420765]
Mill J, Tang T, Kaminsky Z, Khare T, Yazdanpanah S, Bouchard L, Jia P, Assadzadeh A, Flanagan J,
Schumacher A, Wang SC, Petronis A. Epigenomic profiling reveals DNA-methylation changes
associated with major psychosis. Am J Hum Genet 2008;82:696–711. [PubMed: 18319075]
Miller CA, Campbell SL, Sweatt JD. DNA methylation and histone acetylation work in concert to regulate
memory formation and synaptic plasticity. Neurobiol Learn Mem. 2007
Miller CA, Sweatt JD. Covalent modification of DNA regulates memory formation. Neuron
2007;53:857–69. [PubMed: 17359920]
Miller FD, Gauthier AS. Timing is everything: making neurons versus glia in the developing cortex.
Neuron 2007;54:357–69. [PubMed: 17481390]
Mills RE, Bennett EA, Iskow RC, Devine SE. Which transposable elements are active in the human
genome? Trends Genet 2007;23:183–91. [PubMed: 17331616]
Mirkin SM. Expandable DNA repeats and human disease. Nature 2007;447:932–40. [PubMed:
17581576]
Misteli T. Beyond the sequence: cellular organization of genome function. Cell 2007;128:787–800.
[PubMed: 17320514]
Molnar Z, Metin C, Stoykova A, Tarabykin V, Price DJ, Francis F, Meyer G, Dehay C, Kennedy H.
Comparative aspects of cerebral cortical development. Eur J Neurosci 2006;23:921–34. [PubMed:
16519657]
Moore SJ, Strain L, Cole GF, Miedzybrodzka Z, Kelly KF, Dean JC. Fragile X syndrome with FMR1
and FMR2 deletion. J Med Genet 1999;36:565–6. [PubMed: 10424820]
Morris RG. Elements of a neurobiological theory of hippocampal function: the role of synaptic plasticity,
synaptic tagging and schemas. Eur J Neurosci 2006;23:2829–46. [PubMed: 16819972]
Mosch B, Morawski M, Mittag A, Lenz D, Tarnok A, Arendt T. Aneuploidy and DNA replication in the
normal human brain and Alzheimer’s disease. J Neurosci 2007;27:6859–67. [PubMed: 17596434]
Muckenfuss H, Hamdorf M, Held U, Perkovic M, Lower J, Cichutek K, Flory E, Schumann GG, Munk
C. APOBEC3 proteins inhibit human LINE-1 retrotransposition. J Biol Chem 2006;281:22161–72.
[PubMed: 16735504]
Muller S, Zirkel D, Westphal M, Zumkeller W. Genomic imprinting of IGF2 and H19 in human
meningiomas. Eur J Cancer 2000;36:651–5. [PubMed: 10738131]
Mund C, Brueckner B, Lyko F. Reactivation of epigenetically silenced genes by DNA methyltransferase
inhibitors: basic concepts and clinical applications. Epigenetics 2006;1:7–13. [PubMed: 17998812]
Munroe SH, Zhu J. Overlapping transcripts, double-stranded RNA and antisense regulation: a genomic
perspective. Cell Mol Life Sci 2006;63:2102–18. [PubMed: 16847578]
Muotri AR, Gage FH. Generation of neuronal variability and complexity. Nature 2006;441:1087–93.
[PubMed: 16810244]
Muotri AR, Marchetto MC, Coufal NG, Gage FH. The necessary junk: new functions for transposable
elements. Hum Mol Genet 2007;16(Spec No 2):R159–67. [PubMed: 17911158]
Mycko MP, Papoian R, Boschert U, Raine CS, Selmaj KW. Microarray gene expression profiling of
chronic active and inactive lesions in multiple sclerosis. Clin Neurol Neurosurg 2004;106:223–9.
[PubMed: 15177772]
Nakahata Y, Grimaldi B, Sahar S, Hirayama J, Sassone-Corsi P. Signaling to the circadian clock: plasticity
by chromatin remodeling. Curr Opin Cell Biol 2007;19:230–7. [PubMed: 17317138]
Nakano I, Kornblum HI. Brain tumor stem cells. Pediatr Res 2006;59:54R–8R.
Nakano I, Saigusa K, Kornblum HI. BMPing off glioma stem cells. Cancer Cell 2008;13:3–4. [PubMed:
18167333]
Narayanan U, Nalavadi V, Nakamoto M, Pallas DC, Ceman S, Bassell GJ, Warren ST. FMRP
phosphorylation reveals an immediate-early signaling pathway triggered by group I mGluR and
mediated by PP2A. J Neurosci 2007;27:14349–57. [PubMed: 18160642]

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 64

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Narita M, Narita M, Krizhanovsky V, Nunez S, Chicas A, Hearn SA, Myers MP, Lowe SW. A novel role
for high-mobility group a proteins in cellular senescence and heterochromatin formation. Cell
2006;126:503–14. [PubMed: 16901784]
Navaratnam N, Sarwar R. An overview of cytidine deaminases. Int J Hematol 2006;83:195–200.
[PubMed: 16720547]
Nelson ED, Kavalali ET, Monteggia LM. Activity-dependent suppression of miniature neurotransmission
through the regulation of DNA methylation. J Neurosci 2008a;28:395–406. [PubMed: 18184782]
Nelson PT, Wang WX, Rajeev BW. MicroRNAs (miRNAs) in neurodegenerative diseases. Brain Pathol
2008b;18:130–8. [PubMed: 18226108]
Newberg AR, Catapano LA, Zarate CA, Manji HK. Neurobiology of bipolar disorder. Expert Rev
Neurother 2008;8:93–110. [PubMed: 18088203]
Newman JC, Bailey AD, Fan HY, Pavelitz T, Weiner AM. An abundant evolutionarily conserved CSBPiggyBac fusion protein expressed in Cockayne syndrome. PLoS Genet 2008;4:e1000031.
[PubMed: 18369450]
Newman JC, Bailey AD, Weiner AM. Cockayne syndrome group B protein (CSB) plays a general role
in chromatin maintenance and remodeling. Proc Natl Acad Sci U S A 2006;103:9613–8. [PubMed:
16772382]
Ng D, Thakker N, Corcoran CM, Donnai D, Perveen R, Schneider A, Hadley DW, Tifft C, Zhang L,
Wilkie AO, van der Smagt JJ, Gorlin RJ, Burgess SM, Bardwell VJ, Black GC, Biesecker LG.
Oculofaciocardiodental and Lenz microphthalmia syndromes result from distinct classes of
mutations in BCOR. Nat Genet 2004;36:411–6. [PubMed: 15004558]
Ng RK, Gurdon JB. Epigenetic memory of an active gene state depends on histone H3.3 incorporation
into chromatin in the absence of transcription. Nat Cell Biol 2008;10:102–9. [PubMed: 18066050]
Nicoloso MS, Calin GA. MicroRNA involvement in brain tumors: from bench to bedside. Brain Pathol
2008;18:122–9. [PubMed: 18226107]
Nightingale KP, O’Neill LP, Turner BM. Histone modifications: signalling receptors and potential
elements of a heritable epigenetic code. Curr Opin Genet Dev 2006;16:125–36. [PubMed:
16503131]
Nowacki M, Vijayan V, Zhou Y, Schotanus K, Doak TG, Landweber LF. RNA-mediated epigenetic
programming of a genome-rearrangement pathway. Nature 2008;451:153–8. [PubMed: 18046331]
Nunez E, Kwon YS, Hutt KR, Hu Q, Cardamone MD, Ohgi KA, Garcia-Bassets I, Rose DW, Glass CK,
Rosenfeld MG, Fu XD. Nuclear receptor-enhanced transcription requires motor- and LSD1dependent gene networking in interchromatin granules. Cell 2008;132:996–1010. [PubMed:
18358812]
Okamura K, Hagen JW, Duan H, Tyler DM, Lai EC. The mirtron pathway generates microRNA-class
regulatory RNAs in Drosophila. Cell 2007;130:89–100. [PubMed: 17599402]
Old RW, Crea F, Puszyk W, Hulten MA. Candidate epigenetic biomarkers for non-invasive prenatal
diagnosis of Down syndrome. Reprod Biomed Online 2007;15:227–35. [PubMed: 17697502]
Ooi L, Wood IC. Chromatin crosstalk in development and disease: lessons from REST. Nat Rev Genet
2007;8:544–54. [PubMed: 17572692]
Ooi SK, Qiu C, Bernstein E, Li K, Jia D, Yang Z, Erdjument-Bromage H, Tempst P, Lin SP, Allis CD,
Cheng X, Bestor TH. DNMT3L connects unmethylated lysine 4 of histone H3 to de novo
methylation of DNA. Nature 2007;448:714–7. [PubMed: 17687327]
Orford KW, Scadden DT. Deconstructing stem cell self-renewal: genetic insights into cell-cycle
regulation. Nat Rev Genet 2008;9:115–28. [PubMed: 18202695]
Osborne RJ, Thornton CA. RNA-dominant diseases. Hum Mol Genet 2006;15(Spec No 2):R162–9.
[PubMed: 16987879]
Otto SJ, McCorkle SR, Hover J, Conaco C, Han JJ, Impey S, Yochum GS, Dunn JJ, Goodman RH,
Mandel G. A new binding motif for the transcriptional repressor REST uncovers large gene
networks devoted to neuronal functions. J Neurosci 2007;27:6729–39. [PubMed: 17581960]
Pandey UB, Nie Z, Batlevi Y, McCray BA, Ritson GP, Nedelsky NB, Schwartz SL, DiProspero NA,
Knight MA, Schuldiner O, Padmanabhan R, Hild M, Berry DL, Garza D, Hubbert CC, Yao TP,
Baehrecke EH, Taylor JP. HDAC6 rescues neurodegeneration and provides an essential link
between autophagy and the UPS. Nature 2007;447:859–63. [PubMed: 17568747]
Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 65

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Pang JC, Chang Q, Chung YF, Teo JG, Poon WS, Zhou LF, Kong X, Ng HK. Epigenetic inactivation of
DLC-1 in supratentorial primitive neuroectodermal tumor. Hum Pathol 2005;36:36–43. [PubMed:
15712180]
Pang KC, Frith MC, Mattick JS. Rapid evolution of noncoding RNAs: lack of conservation does not
mean lack of function. Trends Genet 2006;22:1–5. [PubMed: 16290135]
Panteleeva I, Boutillier S, See V, Spiller DG, Rouaux C, Almouzni G, Bailly D, Maison C, Lai HC,
Loeffler JP, Boutillier AL. HP1alpha guides neuronal fate by timing E2F-targeted genes silencing
during terminal differentiation. Embo J 2007;26:3616–28. [PubMed: 17627279]
Parker-Katiraee L, Carson AR, Yamada T, Arnaud P, Feil R, Abu-Amero SN, Moore GE, Kaneda M,
Perry GH, Stone AC, Lee C, Meguro-Horike M, Sasaki H, Kobayashi K, Nakabayashi K, Scherer
SW. Identification of the imprinted KLF14 transcription factor undergoing human-specific
accelerated evolution. PLoS Genet 2007;3:e65. [PubMed: 17480121]
Parseghian MH, Luhrs KA. Beyond the walls of the nucleus: the role of histones in cellular signaling and
innate immunity. Biochem Cell Biol 2006;84:589–604. [PubMed: 16936831]
Pastalkova E, Serrano P, Pinkhasova D, Wallace E, Fenton AA, Sacktor TC. Storage of spatial
information by the maintenance mechanism of LTP. Science 2006;313:1141–4. [PubMed:
16931766]
Pauler FM, Koerner MV, Barlow DP. Silencing by imprinted noncoding RNAs: is transcription the
answer? Trends Genet 2007;23:284–92. [PubMed: 17445943]
Paz N, Levanon EY, Amariglio N, Heimberger AB, Ram Z, Constantini S, Barbash ZS, Adamsky K,
Safran M, Hirschberg A, Krupsky M, Ben-Dov I, Cazacu S, Mikkelsen T, Brodie C, Eisenberg E,
Rechavi G. Altered adenosine-to-inosine RNA editing in human cancer. Genome Res. 2007
Pearson CE, Nichol Edamura K, Cleary JD. Repeat instability: mechanisms of dynamic mutations. Nat
Rev Genet 2005;6:729–42. [PubMed: 16205713]
Penagarikano O, Mulle JG, Warren ST. The pathophysiology of fragile x syndrome. Annu Rev Genomics
Hum Genet 2007;8:109–29. [PubMed: 17477822]
Peng J, Peng L, Stevenson FF, Doctrow SR, Andersen JK. Iron and paraquat as synergistic environmental
risk factors in sporadic Parkinson’s disease accelerate age-related neurodegeneration. J Neurosci
2007;27:6914–22. [PubMed: 17596439]
Peng PL, Zhong X, Tu W, Soundarapandian MM, Molner P, Zhu D, Lau L, Liu S, Liu F, Lu Y. ADAR2dependent RNA editing of AMPA receptor subunit GluR2 determines vulnerability of neurons in
forebrain ischemia. Neuron 2006;49:719–33. [PubMed: 16504947]
Perkins DO, Jeffries C, Sullivan P. Expanding the ’central dogma’: the regulatory role of nonprotein
coding genes and implications for the genetic liability to schizophrenia. Mol Psychiatry 2005;10:69–
78. [PubMed: 15381925]
Perron H, Lazarini F, Ruprecht K, Pechoux-Longin C, Seilhean D, Sazdovitch V, Creange A, BattailPoirot N, Sibai G, Santoro L, Jolivet M, Darlix JL, Rieckmann P, Arzberger T, Hauw JJ, Lassmann
H. Human endogenous retrovirus (HERV)-W ENV and GAG proteins: physiological expression in
human brain and pathophysiological modulation in multiple sclerosis lesions. J Neurovirol
2005;11:23–33. [PubMed: 15804956]
Persico AM, Bourgeron T. Searching for ways out of the autism maze: genetic, epigenetic and
environmental clues. Trends Neurosci 2006;29:349–58. [PubMed: 16808981]
Peters L, Meister G. Argonaute proteins: mediators of RNA silencing. Mol Cell 2007;26:611–23.
[PubMed: 17560368]
Pheasant M, Mattick JS. Raising the estimate of functional human sequences. Genome Res
2007;17:1245–53. [PubMed: 17690206]
Piriyapongsa J, Polavarapu N, Borodovsky M, McDonald J. Exonization of the LTR transposable
elements in human genome. BMC Genomics 2007;8:291. [PubMed: 17725822]
Placido D, Brown BA 2nd, Lowenhaupt K, Rich A, Athanasiadis A. A left-handed RNA double helix
bound by the Z alpha domain of the RNA-editing enzyme ADAR1. Structure 2007;15:395–404.
[PubMed: 17437712]
Pollard KS, Salama SR, Lambert N, Lambot MA, Coppens S, Pedersen JS, Katzman S, King B, Onodera
C, Siepel A, Kern AD, Dehay C, Igel H, Ares M Jr, Vanderhaeghen P, Haussler D. An RNA gene

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 66

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

expressed during cortical development evolved rapidly in humans. Nature 2006;443:167–72.
[PubMed: 16915236]
Postovit LM, Costa FF, Bischof JM, Seftor EA, Wen B, Seftor RE, Feinberg AP, Soares MB, Hendrix
MJ. The commonality of plasticity underlying multipotent tumor cells and embryonic stem cells. J
Cell Biochem 2007;101:908–17. [PubMed: 17177292]
Probst FJ, Roeder ER, Enciso VB, Ou Z, Cooper ML, Eng P, Li J, Gu Y, Stratton RF, Chinault AC, Shaw
CA, Sutton VR, Cheung SW, Nelson DL. Chromosomal microarray analysis (CMA) detects a large
X chromosome deletion including FMR1, FMR2, and IDS in a female patient with mental
retardation. Am J Med Genet A 2007;143A:1358–65. [PubMed: 17506108]
Ptak C, Petronis A. Epigenetics and complex disease: from etiology to new therapeutics. Annu Rev
Pharmacol Toxicol 2008;48:257–76. [PubMed: 17883328]
Quintana FJ, Basso AS, Iglesias AH, Korn T, Farez MF, Bettelli E, Caccamo M, Oukka M, Weiner HL.
Control of T(reg) and T(H)17 cell differentiation by the aryl hydrocarbon receptor. Nature
2008;453:65–71. [PubMed: 18362915]
Rai K, Chidester S, Zavala CV, Manos EJ, James SR, Karpf AR, Jones DA, Cairns BR. Dnmt2 functions
in the cytoplasm to promote liver, brain, and retina development in zebrafish. Genes Dev
2007;21:261–6. [PubMed: 17289917]
Raisner RM, Madhani HD. Patterning chromatin: form and function for H2A.Z variant nucleosomes.
Curr Opin Genet Dev 2006;16:119–24. [PubMed: 16503125]
Rampalli S, Li L, Mak E, Ge K, Brand M, Tapscott SJ, Dilworth FJ. p38 MAPK signaling regulates
recruitment of Ash2L-containing methyltransferase complexes to specific genes during
differentiation. Nat Struct Mol Biol 2007;14:1150–6. [PubMed: 18026121]
Rass U, Ahel I, West SC. Defective DNA repair and neurodegenerative disease. Cell 2007;130:991–
1004. [PubMed: 17889645]
Rauch J, Knoch TA, Solovei I, Teller K, Stein S, Buiting K, Horsthemke B, Langowski J, Cremer T,
Hausmann M, Cremer C. Light optical precision measurements of the active and inactive PraderWilli syndrome imprinted regions in human cell nuclei. Differentiation 2008;76:66–82. [PubMed:
18039333]
Ravasi T, Suzuki H, Pang KC, Katayama S, Furuno M, Okunishi R, Fukuda S, Ru K, Frith MC, Gongora
MM, Grimmond SM, Hume DA, Hayashizaki Y, Mattick JS. Experimental validation of the
regulated expression of large numbers of non-coding RNAs from the mouse genome. Genome Res
2006;16:11–9. [PubMed: 16344565]
Reik W. Stability and flexibility of epigenetic gene regulation in mammalian development. Nature
2007;447:425–32. [PubMed: 17522676]
Renthal W, Maze I, Krishnan V, Covington HE 3rd, Xiao G, Kumar A, Russo SJ, Graham A, Tsankova
N, Kippin TE, Kerstetter KA, Neve RL, Haggarty SJ, McKinsey TA, Bassel-Duby R, Olson EN,
Nestler EJ. Histone deacetylase 5 epigenetically controls behavioral adaptations to chronic
emotional stimuli. Neuron 2007;56:517–29. [PubMed: 17988634]
Reymann KG, Frey JU. The late maintenance of hippocampal LTP: requirements, phases, ’synaptic
tagging’, ’late-associativity’ and implications. Neuropharmacology 2007;52:24–40. [PubMed:
16919684]
Rodriguez-Campos A, Azorin F. RNA is an integral component of chromatin that contributes to its
structural organization. PLoS ONE 2007;2:e1182. [PubMed: 18000552]
Rogelj B, Giese KP. Expression and function of brain specific small RNAs. Rev Neurosci 2004;15:185–
98. [PubMed: 15357141]
Rogelj B, Hartmann CE, Yeo CH, Hunt SP, Giese KP. Contextual fear conditioning regulates the
expression of brain-specific small nucleolar RNAs in hippocampus. Eur J Neurosci 2003;18:3089–
96. [PubMed: 14656304]
Rong J, Li SH, Li XJ. Regulation of intracellular HAP1 trafficking. J Neurosci Res 2007;85:3025–9.
[PubMed: 17474105]
Ropers HH. X-linked mental retardation: many genes for a complex disorder. Curr Opin Genet Dev
2006;16:260–9. [PubMed: 16647850]

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 67

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Rosenfeld MG, Lunyak VV, Glass CK. Sensors and signals: a coactivator/corepressor/epigenetic code
for integrating signal-dependent programs of transcriptional response. Genes Dev 2006;20:1405–
28. [PubMed: 16751179]
Royo H, Cavaille J. Non-coding RNAs in imprinted gene clusters. Biol Cell 2008;100:149–66. [PubMed:
18271756]
Roze E, Betuing S, Deyts C, Marcon E, Brami-Cherrier K, Pages C, Humbert S, Merienne K, Caboche
J. Mitogen- and stress-activated protein kinase-1 deficiency is involved in expanded-huntingtininduced transcriptional dysregulation and striatal death. Faseb J. 2007
Rozental R, Srinivas M, Gokhan S, Urban M, Dermietzel R, Kessler JA, Spray DC, Mehler MF. Temporal
expression of neuronal connexins during hippocampal ontogeny. Brain Res Brain Res Rev
2000;32:57–71. [PubMed: 10751657]
Ruby JG, Jan CH, Bartel DP. Intronic microRNA precursors that bypass Drosha processing. Nature
2007;448:83–6. [PubMed: 17589500]
Ruthenburg AJ, Li H, Patel DJ, Allis CD. Multivalent engagement of chromatin modifications by linked
binding modules. Nat Rev Mol Cell Biol 2007;8:983–94. [PubMed: 18037899]
Ruzicka WB, Zhubi A, Veldic M, Grayson DR, Costa E, Guidotti A. Selective epigenetic alteration of
layer I GABAergic neurons isolated from prefrontal cortex of schizophrenia patients using laserassisted microdissection. Mol Psychiatry 2007;12:385–97. [PubMed: 17264840]
Sabeti PC, Schaffner SF, Fry B, Lohmueller J, Varilly P, Shamovsky O, Palma A, Mikkelsen TS,
Altshuler D, Lander ES. Positive natural selection in the human lineage. Science 2006;312:1614–
20. [PubMed: 16778047]
Sadri-Vakili G, Cha JH. Mechanisms of disease: Histone modifications in Huntington’s disease. Nat Clin
Pract Neurol 2006;2:330–8. [PubMed: 16932577]
Sajikumar S, Navakkode S, Sacktor TC, Frey JU. Synaptic tagging and cross-tagging: the role of protein
kinase Mzeta in maintaining long-term potentiation but not long-term depression. J Neurosci
2005;25:5750–6. [PubMed: 15958741]
Sanchez-Elsner T, Gou D, Kremmer E, Sauer F. Noncoding RNAs of trithorax response elements recruit
Drosophila Ash1 to Ultrabithorax. Science 2006;311:1118–23. [PubMed: 16497925]
Sandberg R, Neilson JR, Sarma A, Sharp PA, Burge CB. Proliferating cells express mRNAs with
shortened 3’ untranslated regions and fewer microRNA target sites. Science 2008;320:1643–7.
[PubMed: 18566288]
Sandovici I, Kassovska-Bratinova S, Loredo-Osti JC, Leppert M, Suarez A, Stewart R, Bautista FD,
Schiraldi M, Sapienza C. Interindividual variability and parent of origin DNA methylation
differences at specific human Alu elements. Hum Mol Genet 2005;14:2135–43. [PubMed:
15972727]
Santos-Reboucas CB, Abdalla CB, Fullston T, Campos M Jr, Pimentel MM, Gecz J. Lack of FMR3
expression in a male with non-syndromic mental retardation and a microdeletion immediately distal
to FRAXE CCG repeat. Neurosci Lett 2006;397:245–8. [PubMed: 16469443]
Santos-Reboucas CB, Pimentel MM. Implication of abnormal epigenetic patterns for human diseases.
Eur J Hum Genet 2007;15:10–7. [PubMed: 17047674]
Sarcinella E, Zuzarte PC, Lau PN, Draker R, Cheung P. Monoubiquitylation of H2A.Z distinguishes its
association with euchromatin or facultative heterochromatin. Mol Cell Biol 2007;27:6457–68.
[PubMed: 17636032]
Sasaki H, Matsui Y. Epigenetic events in mammalian germ-cell development: reprogramming and
beyond. Nat Rev Genet 2008;9:129–40. [PubMed: 18197165]
Sathyan P, Golden HB, Miranda RC. Competing interactions between micro-RNAs determine neural
progenitor survival and proliferation after ethanol exposure: evidence from an ex vivo model of the
fetal cerebral cortical neuroepithelium. J Neurosci 2007;27:8546–57. [PubMed: 17687032]
Savarese F, Grosschedl R. Blurring cis and trans in gene regulation. Cell 2006;126:248–50. [PubMed:
16873057]
Sawalha AH. Epigenetics and T-cell immunity. Autoimmunity 2008;41:245–52. [PubMed: 18432405]
Sawyer SL, Emerman M, Malik HS. Ancient adaptive evolution of the primate antiviral DNA-editing
enzyme APOBEC3G. PLoS Biol 2004;2:E275. [PubMed: 15269786]

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 68

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Saxena S, Caroni P. Mechanisms of axon degeneration: from development to disease. Prog Neurobiol
2007;83:174–91. [PubMed: 17822833]
Scarisbrick IA. The multiple sclerosis degradome: enzymatic cascades in development and progression
of central nervous system inflammatory disease. Curr Top Microbiol Immunol 2008;318:133–75.
[PubMed: 18219817]
Schaefer A, O’Carroll D, Tan CL, Hillman D, Sugimori M, Llinas R, Greengard P. Cerebellar
neurodegeneration in the absence of microRNAs. J Exp Med 2007;204:1553–8. [PubMed:
17606634]
Schanen NC. Epigenetics of autism spectrum disorders. Hum Mol Genet 2006;15(Spec No 2):R138–50.
[PubMed: 16987877]
Schloesser RJ, Huang J, Klein PS, Manji HK. Cellular plasticity cascades in the pathophysiology and
treatment of bipolar disorder. Neuropsychopharmacology 2008;33:110–33. [PubMed: 17912251]
Schmitt S, Paro R. RNA at the steering wheel. Genome Biol 2006;7:218. [PubMed: 16732899]
Schmitt S, Prestel M, Paro R. Intergenic transcription through a polycomb group response element
counteracts silencing. Genes Dev 2005;19:697–708. [PubMed: 15741315]
Schneider R, Grosschedl R. Dynamics and interplay of nuclear architecture, genome organization, and
gene expression. Genes Dev 2007;21:3027–43. [PubMed: 18056419]
Schols L, Arning L, Schule R, Epplen JT, Timmann D. “Pseudodominant inheritance” of ataxia with
ocular apraxia type 2 (AOA2). J Neurol 2008;255:495–501. [PubMed: 18350359]
Scholzova E, Malik R, Sevcik J, Kleibl Z. RNA regulation and cancer development. Cancer Lett
2007;246:12–23. [PubMed: 16675105]
Schroeder FA, Lin CL, Crusio WE, Akbarian S. Antidepressant-like effects of the histone deacetylase
inhibitor, sodium butyrate, in the mouse. Biol Psychiatry 2007;62:55–64. [PubMed: 16945350]
Schuettengruber B, Chourrout D, Vervoort M, Leblanc B, Cavalli G. Genome regulation by polycomb
and trithorax proteins. Cell 2007;128:735–45. [PubMed: 17320510]
Schultz DC, Ayyanathan K, Negorev D, Maul GG, Rauscher FJ 3rd. SETDB1: a novel KAP-1-associated
histone H3, lysine 9-specific methyltransferase that contributes to HP1-mediated silencing of
euchromatic genes by KRAB zinc-finger proteins. Genes Dev 2002;16:919–32. [PubMed:
11959841]
Schwartz YB, Pirrotta V. Polycomb silencing mechanisms and the management of genomic programmes.
Nat Rev Genet 2007;8:9–22. [PubMed: 17173055]
Seager MA, Barth VN, Phebus LA, Rasmussen K. Chronic coadministration of olanzapine and fluoxetine
activates locus coeruleus neurons in rats: implications for bipolar disorder. Psychopharmacology
(Berl) 2005;181:126–33. [PubMed: 15719213]
Serganov A, Patel DJ. Ribozymes, riboswitches and beyond: regulation of gene expression without
proteins. Nat Rev Genet 2007;8:776–90. [PubMed: 17846637]
Setsuie R, Wada K. The functions of UCH-L1 and its relation to neurodegenerative diseases. Neurochem
Int 2007;51:105–11. [PubMed: 17586089]
Shema R, Sacktor TC, Dudai Y. Rapid erasure of long-term memory associations in the cortex by an
inhibitor of PKM zeta. Science 2007;317:951–3. [PubMed: 17702943]
Shen S, Casaccia-Bonnefil P. Post-Translational Modifications of Nucleosomal Histones in
Oligodendrocyte Lineage Cells in Development and Disease. J Mol Neurosci. 2007
Shi Y, Feng Y, Kang J, Liu C, Li Z, Li D, Cao W, Qiu J, Guo Z, Bi E, Zang L, Lu C, Zhang JZ, Pei G.
Critical regulation of CD4+ T cell survival and autoimmunity by beta-arrestin 1. Nat Immunol
2007a;8:817–24. [PubMed: 17618287]
Shi Y, Sun G, Zhao C, Stewart R. Neural stem cell self-renewal. Crit Rev Oncol Hematol. 2007b
Shibayama A, Cook EH Jr, Feng J, Glanzmann C, Yan J, Craddock N, Jones IR, Goldman D, Heston LL,
Sommer SS. MECP2 structural and 3’-UTR variants in schizophrenia, autism and other psychiatric
diseases: a possible association with autism. Am J Med Genet B Neuropsychiatr Genet 2004;128B:
50–3. [PubMed: 15211631]
Shimba S, Ishii N, Ohta Y, Ohno T, Watabe Y, Hayashi M, Wada T, Aoyagi T, Tezuka M. Brain and
muscle Arnt-like protein-1 (BMAL1), a component of the molecular clock, regulates adipogenesis.
Proc Natl Acad Sci U S A 2005;102:12071–6. [PubMed: 16093318]

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 69

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Shimoni Y, Friedlander G, Hetzroni G, Niv G, Altuvia S, Biham O, Margalit H. Regulation of gene
expression by small non-coding RNAs: a quantitative view. Mol Syst Biol 2007;3:138. [PubMed:
17893699]
Si K, Giustetto M, Etkin A, Hsu R, Janisiewicz AM, Miniaci MC, Kim JH, Zhu H, Kandel ER. A neuronal
isoform of CPEB regulates local protein synthesis and stabilizes synapse-specific long-term
facilitation in aplysia. Cell 2003a;115:893–904. [PubMed: 14697206]
Si K, Lindquist S, Kandel ER. A neuronal isoform of the aplysia CPEB has prion-like properties. Cell
2003b;115:879–91. [PubMed: 14697205]
Sigalotti L, Fratta E, Coral S, Cortini E, Covre A, Nicolay HJ, Anzalone L, Pezzani L, Di Giacomo AM,
Fonsatti E, Colizzi F, Altomonte M, Calabro L, Maio M. Epigenetic drugs as pleiotropic agents in
cancer treatment: biomolecular aspects and clinical applications. J Cell Physiol 2007;212:330–44.
[PubMed: 17458893]
Singh SK, Kagalwala MN, Parker-Thornburg J, Adams H, Majumder S. REST maintains self-renewal
and pluripotency of embryonic stem cells. Nature 2008;453:223–7. [PubMed: 18362916]
Sjakste N, Sjakste T. Possible involvement of DNA strand breaks in regulation of cell differentiation.
Eur J Histochem 2007;51:81–94. [PubMed: 17664158]
Slotkin RK, Martienssen R. Transposable elements and the epigenetic regulation of the genome. Nat Rev
Genet 2007;8:272–85. [PubMed: 17363976]
Snyder SH. Neuroscience: a complex in psychosis. Nature 2008;452:38–9. [PubMed: 18322519]
Sofola OA, Jin P, Botas J, Nelson DL. Argonaute-2-dependent rescue of a Drosophila model of FXTAS
by FRAXE premutation repeat. Hum Mol Genet 2007;16:2326–32. [PubMed: 17635840]
Spivakov M, Fisher AG. Epigenetic signatures of stem-cell identity. Nat Rev Genet 2007;8:263–71.
[PubMed: 17363975]
Sposito R, Pasquali L, Galluzzi F, Rocchi A, Solito B, Soragna D, Tupler R, Siciliano G.
Facioscapulohumeral muscular dystrophy type 1A in northwestern Tuscany: a molecular geneticsbased epidemiological and genotype-phenotype study. Genet Test 2005;9:30–6. [PubMed:
15857184]
St Laurent G 3rd, Wahlestedt C. Noncoding RNAs: couplers of analog and digital information in nervous
system function? Trends Neurosci 2007;30:612–21. [PubMed: 17996312]
Stack EC, Del Signore SJ, Luthi-Carter R, Soh BY, Goldstein DR, Matson S, Goodrich S, Markey AL,
Cormier K, Hagerty SW, Smith K, Ryu H, Ferrante RJ. Modulation of nucleosome dynamics in
Huntington’s disease. Hum Mol Genet 2007;16:1164–75. [PubMed: 17403718]
Stark KL, Xu B, Bagchi A, Lai WS, Liu H, Hsu R, Wan X, Pavlidis P, Mills AA, Karayiorgou M, Gogos
JA. Altered brain microRNA biogenesis contributes to phenotypic deficits in a 22q11-deletion
mouse model. Nat Genet 2008;40:751–60. [PubMed: 18469815]
Steele EJ, Lindley RA, Wen J, Weiller GF. Computational analyses show A-to-G mutations correlate
with nascent mRNA hairpins at somatic hypermutation hotspots. DNA Repair (Amst) 2006;5:1346–
63. [PubMed: 16884961]
Steinman L. A brief history of T(H)17, the first major revision in the T(H)1/T(H)2 hypothesis of T cellmediated tissue damage. Nat Med 2007;13:139–45. [PubMed: 17290272]
Stenvinkel P, Carrero JJ, Axelsson J, Lindholm B, Heimburger O, Massy Z. Emerging biomarkers for
evaluating cardiovascular risk in the chronic kidney disease patient: how do new pieces fit into the
uremic puzzle? Clin J Am Soc Nephrol 2008;3:505–21. [PubMed: 18184879]
Stevens B, Allen NJ, Vazquez LE, Howell GR, Christopherson KS, Nouri N, Micheva KD, Mehalow
AK, Huberman AD, Stafford B, Sher A, Litke AM, Lambris JD, Smith SJ, John SW, Barres BA.
The classical complement cascade mediates CNS synapse elimination. Cell 2007;131:1164–78.
[PubMed: 18083105]
Stevens EA, Bradfield CA. Immunology: T cells hang in the balance. Nature 2008;453:46–7. [PubMed:
18451850]
Storici F, Bebenek K, Kunkel TA, Gordenin DA, Resnick MA. RNA-templated DNA repair. Nature
2007;447:338–41. [PubMed: 17429354]
Su IH, Tarakhovsky A. Lysine methylation and ’signaling memory’. Curr Opin Immunol 2006;18:152–
7. [PubMed: 16464568]

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 70

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Sun XJ, Wei J, Wu XY, Hu M, Wang L, Wang HH, Zhang QH, Chen SJ, Huang QH, Chen Z. Identification
and characterization of a novel human histone H3 lysine 36-specific methyltransferase. J Biol Chem
2005;280:35261–71. [PubMed: 16118227]
Szyf M, Weaver I, Meaney M. Maternal care, the epigenome and phenotypic differences in behavior.
Reprod Toxicol 2007;24:9–19. [PubMed: 17561370]
Taft RJ, Pheasant M, Mattick JS. The relationship between non-protein-coding DNA and eukaryotic
complexity. Bioessays 2007;29:288–99. [PubMed: 17295292]
Tahiliani M, Mei P, Fang R, Leonor T, Rutenberg M, Shimizu F, Li J, Rao A, Shi Y. The histone H3K4
demethylase SMCX links REST target genes to X-linked mental retardation. Nature 2007;447:601–
5. [PubMed: 17468742]
Takami Y, Nakagami H, Morishita R, Katsuya T, Cui TX, Ichikawa T, Saito Y, Hayashi H, Kikuchi Y,
Nishikawa T, Baba Y, Yasuda O, Rakugi H, Ogihara T, Kaneda Y. Ubiquitin carboxyl-terminal
hydrolase L1, a novel deubiquitinating enzyme in the vasculature, attenuates NF-kappaB activation.
Arterioscler Thromb Vasc Biol 2007;27:2184–90. [PubMed: 17690318]
Takano K, Nakagawa E, Inoue K, Kamada F, Kure S, Goto Y. A loss-of-function mutation in the FTSJ1
gene causes nonsyndromic X-linked mental retardation in a Japanese family. Am J Med Genet B
Neuropsychiatr Genet 2008;147B:479–84. [PubMed: 18081026]
Takizawa T, Meshorer E. Chromatin and nuclear architecture in the nervous system. Trends Neurosci
2008;31:343–52. [PubMed: 18538423]
Tam OH, Aravin AA, Stein P, Girard A, Murchison EP, Cheloufi S, Hodges E, Anger M, Sachidanandam
R, Schultz RM, Hannon GJ. Pseudogene-derived small interfering RNAs regulate gene expression
in mouse oocytes. Nature 2008;453:534–8. [PubMed: 18404147]
Tamura Y, Kunugi H, Ohashi J, Hohjoh H. Epigenetic aberration of the human REELIN gene in
psychiatric disorders. Mol Psychiatry 2007;12:519, 593–600. [PubMed: 17310238]
Tan WB, Jiang S, Zhang Y. Quantum-dot based nanoparticles for targeted silencing of HER2/neu gene
via RNA interference. Biomaterials 2007;28:1565–71. [PubMed: 17161865]
Taniura H, Sng JC, Yoneda Y. Histone modifications in the brain. Neurochem Int 2007;51:85–91.
[PubMed: 17543419]
Tank EM, Harris DA, Desai AA, True HL. Prion protein repeat expansion results in increased aggregation
and reveals phenotypic variability. Mol Cell Biol 2007;27:5445–55. [PubMed: 17548473]
Telese F, Bruni P, Donizetti A, Gianni D, D’Ambrosio C, Scaloni A, Zambrano N, Rosenfeld MG, Russo
T. Transcription regulation by the adaptor protein Fe65 and the nucleosome assembly factor SET.
EMBO Rep 2005;6:77–82. [PubMed: 15592452]
Ting AH, McGarvey KM, Baylin SB. The cancer epigenome-- components and functional correlates.
Genes Dev 2006;20:3215–31. [PubMed: 17158741]
Tonini GP, Romani M. Genetic and epigenetic alterations in neuroblastoma. Cancer Lett 2003;197:69–
73. [PubMed: 12880962]
Tonkin LA, Saccomanno L, Morse DP, Brodigan T, Krause M, Bass BL. RNA editing by ADARs is
important for normal behavior in Caenorhabditis elegans. Embo J 2002;21:6025–35. [PubMed:
12426375]
Traub RD, Draguhn A, Whittington MA, Baldeweg T, Bibbig A, Buhl EH, Schmitz D. Axonal gap
junctions between principal neurons: a novel source of network oscillations, and perhaps
epileptogenesis. Rev Neurosci 2002;13:1–30. [PubMed: 12013024]
Tremolizzo L, Doueiri MS, Dong E, Grayson DR, Davis J, Pinna G, Tueting P, Rodriguez-Menendez V,
Costa E, Guidotti A. Valproate corrects the schizophrenia-like epigenetic behavioral modifications
induced by methionine in mice. Biol Psychiatry 2005;57:500–9. [PubMed: 15737665]
Tronson NC, Taylor JR. Molecular mechanisms of memory reconsolidation. Nat Rev Neurosci
2007;8:262–75. [PubMed: 17342174]
Truant R, Atwal R, Burtnik A. Hypothesis: Huntingtin may function in membrane association and
vesicular trafficking. Biochem Cell Biol 2006;84:912–7. [PubMed: 17215878]
Truant R, Atwal RS, Burtnik A. Nucleocytoplasmic trafficking and transcription effects of huntingtin in
Huntington’s disease. Prog Neurobiol 2007;83:211–27. [PubMed: 17240517]
Tsang J, Zhu J, van Oudenaarden A. MicroRNA-mediated feedback and feedforward loops are recurrent
network motifs in mammals. Mol Cell 2007;26:753–67. [PubMed: 17560377]
Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 71

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Tsankova N, Renthal W, Kumar A, Nestler EJ. Epigenetic regulation in psychiatric disorders. Nat Rev
Neurosci 2007;8:355–67. [PubMed: 17453016]
Tsankova NM, Berton O, Renthal W, Kumar A, Neve RL, Nestler EJ. Sustained hippocampal chromatin
regulation in a mouse model of depression and antidepressant action. Nat Neurosci 2006;9:519–25.
[PubMed: 16501568]
Tsankova NM, Kumar A, Nestler EJ. Histone modifications at gene promoter regions in rat hippocampus
after acute and chronic electroconvulsive seizures. J Neurosci 2004;24:5603–10. [PubMed:
15201333]
Tufarelli C, Stanley JA, Garrick D, Sharpe JA, Ayyub H, Wood WG, Higgs DR. Transcription of antisense
RNA leading to gene silencing and methylation as a novel cause of human genetic disease. Nat
Genet 2003;34:157–65. [PubMed: 12730694]
Uhlhaas PJ, Haenschel C, Nikolic D, Singer W. The Role of Oscillations and Synchrony in Cortical
Networks and Their Putative Relevance for the Pathophysiology of Schizophrenia. Schizophr Bull.
2008
Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-mediated transfer of mRNAs
and microRNAs is a novel mechanism of genetic exchange between cells. Nat Cell Biol 2007;9:654–
9. [PubMed: 17486113]
Valente L, Nishikura K. ADAR gene family and A-to-I RNA editing: diverse roles in posttranscriptional
gene regulation. Prog Nucleic Acid Res Mol Biol 2005;79:299–338. [PubMed: 16096031]
van Dellen A, Grote HE, Hannan AJ. Gene-environment interactions, neuronal dysfunction and
pathological plasticity in Huntington’s disease. Clin Exp Pharmacol Physiol 2005;32:1007–19.
[PubMed: 16445565]
van den Boom J, Wolter M, Blaschke B, Knobbe CB, Reifenberger G. Identification of novel genes
associated with astrocytoma progression using suppression subtractive hybridization and real-time
reverse transcription-polymerase chain reaction. Int J Cancer 2006;119:2330–8. [PubMed:
16865689]
van Vliet J, Oates NA, Whitelaw E. Epigenetic mechanisms in the context of complex diseases. Cell Mol
Life Sci 2007;64:1531–8. [PubMed: 17458502]
Vanderklish PW, Edelman GM. Differential translation and fragile X syndrome. Genes Brain Behav
2005;4:360–84. [PubMed: 16098135]
Vartanian JP, Guetard D, Henry M, Wain-Hobson S. Evidence for editing of human papillomavirus DNA
by APOBEC3 in benign and precancerous lesions. Science 2008;320:230–3. [PubMed: 18403710]
Vasudevan S, Tong Y, Steitz JA. Switching from repression to activation: microRNAs can up-regulate
translation. Science 2007;318:1931–4. [PubMed: 18048652]
Veldhoen M, Hirota K, Westendorf AM, Buer J, Dumoutier L, Renauld JC, Stockinger B. The aryl
hydrocarbon receptor links TH17-cell-mediated autoimmunity to environmental toxins. Nature
2008;453:106–9. [PubMed: 18362914]
Verschure PJ, Visser AE, Rots MG. Step out of the groove: epigenetic gene control systems and
engineered transcription factors. Adv Genet 2006;56:163–204. [PubMed: 16735158]
Versteege I, Sevenet N, Lange J, Rousseau-Merck MF, Ambros P, Handgretinger R, Aurias A, Delattre
O. Truncating mutations of hSNF5/INI1 in aggressive paediatric cancer. Nature 1998;394:203–6.
[PubMed: 9671307]
Vescovi AL, Galli R, Reynolds BA. Brain tumour stem cells. Nat Rev Cancer 2006;6:425–36. [PubMed:
16723989]
Visvanathan J, Lee S, Lee B, Lee JW, Lee SK. The microRNA miR-124 antagonizes the anti-neural
REST/SCP1 pathway during embryonic CNS development. Genes Dev 2007;21:744–9. [PubMed:
17403776]
Waha A, Guntner S, Huang TH, Yan PS, Arslan B, Pietsch T, Wiestler OD. Epigenetic silencing of the
protocadherin family member PCDH-gamma-A11 in astrocytomas. Neoplasia 2005;7:193–9.
[PubMed: 15799819]
Waha A, Koch A, Hartmann W, Milde U, Felsberg J, Hubner A, Mikeska T, Goodyer CG, Sorensen N,
Lindberg I, Wiestler OD, Pietsch T. SGNE1/7B2 is epigenetically altered and transcriptionally
downregulated in human medulloblastomas. Oncogene 2007;26:5662–8. [PubMed: 17334394]

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 72

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Waha A, Koch A, Meyer-Puttlitz B, Weggen S, Sorensen N, Tonn JC, Albrecht S, Goodyer CG, Berthold
F, Wiestler OD, Pietsch T. Epigenetic silencing of the HIC-1 gene in human medulloblastomas. J
Neuropathol Exp Neurol 2003;62:1192–201. [PubMed: 14656076]
Wang G, van der Walt JM, Mayhew G, Li YJ, Zuchner S, Scott WK, Martin ER, Vance JM. Variation
in the miRNA-433 binding site of FGF20 confers risk for Parkinson disease by overexpression of
alpha-synuclein. Am J Hum Genet 2008a;82:283–9. [PubMed: 18252210]
Wang GG, Allis CD, Chi P. Chromatin remodeling and cancer, Part I: Covalent histone modifications.
Trends Mol Med 2007a;13:363–72. [PubMed: 17822958]
Wang GG, Allis CD, Chi P. Chromatin remodeling and cancer, Part II: ATP-dependent chromatin
remodeling. Trends Mol Med 2007b;13:373–80. [PubMed: 17822959]
Wang GS, Cooper TA. Splicing in disease: disruption of the splicing code and the decoding machinery.
Nat Rev Genet 2007;8:749–61. [PubMed: 17726481]
Wang H, Hu Y, Tsien JZ. Molecular and systems mechanisms of memory consolidation and storage.
Prog Neurobiol 2006;79:123–35. [PubMed: 16891050]
Wang Q, Miyakoda M, Yang W, Khillan J, Stachura DL, Weiss MJ, Nishikura K. Stress-induced
apoptosis associated with null mutation of ADAR1 RNA editing deaminase gene. J Biol Chem
2004;279:4952–61. [PubMed: 14613934]
Wang WX, Rajeev BW, Stromberg AJ, Ren N, Tang G, Huang Q, Rigoutsos I, Nelson PT. The expression
of microRNA miR-107 decreases early in Alzheimer’s disease and may accelerate disease
progression through regulation of beta-site amyloid precursor protein-cleaving enzyme 1. J
Neurosci 2008b;28:1213–23. [PubMed: 18234899]
Wang X, Arai S, Song X, Reichart D, Du K, Pascual G, Tempst P, Rosenfeld MG, Glass CK, Kurokawa
R. Induced ncRNAs allosterically modify RNA-binding proteins in cis to inhibit transcription.
Nature. 2008c
Warren ST. The Epigenetics of Fragile X Syndrome. Cell Stem Cell 2007;1:488–489.
Watanabe T, Totoki Y, Toyoda A, Kaneda M, Kuramochi-Miyagawa S, Obata Y, Chiba H, Kohara Y,
Kono T, Nakano T, Surani MA, Sakaki Y, Sasaki H. Endogenous siRNAs from naturally formed
dsRNAs regulate transcripts in mouse oocytes. Nature 2008;453:539–43. [PubMed: 18404146]
Weaver IC, Cervoni N, Champagne FA, D’Alessio AC, Sharma S, Seckl JR, Dymov S, Szyf M, Meaney
MJ. Epigenetic programming by maternal behavior. Nat Neurosci 2004;7:847–54. [PubMed:
15220929]
Weber M, Hellmann I, Stadler MB, Ramos L, Paabo S, Rebhan M, Schubeler D. Distribution, silencing
potential and evolutionary impact of promoter DNA methylation in the human genome. Nat Genet
2007;39:457–66. [PubMed: 17334365]
Weinstock GM. ENCODE: more genomic empowerment. Genome Res 2007;17:667–8. [PubMed:
17567987]
Weiss LA, Shen Y, Korn JM, Arking DE, Miller DT, Fossdal R, Saemundsen E, Stefansson H, Ferreira
MA, Green T, Platt OS, Ruderfer DM, Walsh CA, Altshuler D, Chakravarti A, Tanzi RE, Stefansson
K, Santangelo SL, Gusella JF, Sklar P, Wu BL, Daly MJ. Association between microdeletion and
microduplication at 16p11.2 and autism. N Engl J Med 2008;358:667–75. [PubMed: 18184952]
Wevrick R, Kerns JA, Francke U. Identification of a novel paternally expressed gene in the Prader-Willi
syndrome region. Hum Mol Genet 1994;3:1877–82. [PubMed: 7849716]
Whalley LJ, Dick FD, McNeill G. A life-course approach to the aetiology of late-onset dementias. Lancet
Neurol 2006;5:87–96. [PubMed: 16361026]
Whitehouse I, Rando OJ, Delrow J, Tsukiyama T. Chromatin remodelling at promoters suppresses
antisense transcription. Nature 2007;450:1031–5. [PubMed: 18075583]
Wilkinson LS, Davies W, Isles AR. Genomic imprinting effects on brain development and function. Nat
Rev Neurosci 2007;8:832–43. [PubMed: 17925812]
Williams RR, Azuara V, Perry P, Sauer S, Dvorkina M, Jorgensen H, Roix J, McQueen P, Misteli T,
Merkenschlager M, Fisher AG. Neural induction promotes large-scale chromatin reorganisation of
the Mash1 locus. J Cell Sci 2006;119:132–40. [PubMed: 16371653]
Wilson AS, Power BE, Molloy PL. DNA hypomethylation and human diseases. Biochim Biophys Acta
2007;1775:138–62. [PubMed: 17045745]

Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 73

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Wilson CB, Merkenschlager M. Chromatin structure and gene regulation in T cell development and
function. Curr Opin Immunol 2006;18:143–51. [PubMed: 16472999]
Wiste AK, Arango V, Ellis SP, Mann JJ, Underwood MD. Norepinephrine and serotonin imbalance in
the locus coeruleus in bipolar disorder. Bipolar Disord 2008;10:349–59. [PubMed: 18402623]
Wong B, Chen S, Kwon JA, Rich A. Characterization of Z-DNA as a nucleosome-boundary element in
yeast Saccharomyces cerevisiae. Proc Natl Acad Sci U S A 2007;104:2229–34. [PubMed:
17284586]
Wood M, Yin H, McClorey G. Modulating the expression of disease genes with RNA-based therapy.
PLoS Genet 2007;3:e109. [PubMed: 17604456]
Wood MA, Hawk JD, Abel T. Combinatorial chromatin modifications and memory storage: a code for
memory? Learn Mem 2006;13:241–4. [PubMed: 16741277]
Wu J, Xie X. Comparative sequence analysis reveals an intricate network among REST, CREB and
miRNA in mediating neuronal gene expression. Genome Biol 2006;7:R85. [PubMed: 17002790]
Wu L, Belasco JG. Let me count the ways: mechanisms of gene regulation by miRNAs and siRNAs. Mol
Cell 2008;29:1–7. [PubMed: 18206964]
Yang PK, Kuroda MI. Noncoding RNAs and intranuclear positioning in monoallelic gene expression.
Cell 2007;128:777–86. [PubMed: 17320513]
Yang W, Chendrimada TP, Wang Q, Higuchi M, Seeburg PH, Shiekhattar R, Nishikura K. Modulation
of microRNA processing and expression through RNA editing by ADAR deaminases. Nat Struct
Mol Biol 2006;13:13–21. [PubMed: 16369484]
Yasui DH, Peddada S, Bieda MC, Vallero RO, Hogart A, Nagarajan RP, Thatcher KN, Farnham PJ,
Lasalle JM. Integrated epigenomic analyses of neuronal MeCP2 reveal a role for long-range
interaction with active genes. Proc Natl Acad Sci U S A 2007;104:19416–21. [PubMed: 18042715]
Yavuz S, Yavuz AS, Kraemer KH, Lipsky PE. The role of polymerase eta in somatic hypermutation
determined by analysis of mutations in a patient with xeroderma pigmentosum variant. J Immunol
2002;169:3825–30. [PubMed: 12244178]
Yin L, Wu N, Curtin JC, Qatanani M, Szwergold NR, Reid RA, Waitt GM, Parks DJ, Pearce KH, Wisely
GB, Lazar MA. Rev-erbalpha, a heme sensor that coordinates metabolic and circadian pathways.
Science 2007;318:1786–9. [PubMed: 18006707]
Yoshimura N, Horiuchi D, Shibata M, Saitoe M, Qi ML, Okazawa H. Expression of human PQBP-1 in
Drosophila impairs long-term memory and induces abnormal courtship. FEBS Lett 2006;580:2335–
40. [PubMed: 16597440]
Yuan X, Feng W, Imhof A, Grummt I, Zhou Y. Activation of RNA polymerase I transcription by cockayne
syndrome group B protein and histone methyltransferase G9a. Mol Cell 2007;27:585–95. [PubMed:
17707230]
Zaratiegui M, Irvine DV, Martienssen RA. Noncoding RNAs and gene silencing. Cell 2007;128:763–
76. [PubMed: 17320512]
Zhang CL, Zou Y, He W, Gage FH, Evans RM. A role for adult TLX-positive neural stem cells in learning
and behaviour. Nature 2008;451:1004–7. [PubMed: 18235445]
Zhang P, Dilley C, Mattson MP. DNA damage responses in neural cells: Focus on the telomere.
Neuroscience 2007;145:1439–48. [PubMed: 17207936]
Zhao C, Deng W, Gage FH. Mechanisms and functional implications of adult neurogenesis. Cell
2008;132:645–60. [PubMed: 18295581]
Zuccato C, Belyaev N, Conforti P, Ooi L, Tartari M, Papadimou E, MacDonald M, Fossale E, Zeitlin S,
Buckley N, Cattaneo E. Widespread disruption of repressor element-1 silencing transcription factor/
neuron-restrictive silencer factor occupancy at its target genes in Huntington’s disease. J Neurosci
2007;27:6972–83. [PubMed: 17596446]
Zuccato C, Tartari M, Crotti A, Goffredo D, Valenza M, Conti L, Cataudella T, Leavitt BR, Hayden MR,
Timmusk T, Rigamonti D, Cattaneo E. Huntingtin interacts with REST/NRSF to modulate the
transcription of NRSE-controlled neuronal genes. Nat Genet 2003;35:76–83. [PubMed: 12881722]

Abbreviations
ADARs
Prog Neurobiol. Author manuscript; available in PMC 2009 December 11.

Mehler

Page 74

adenosine deaminases acting on RNAs
ADATs

NIH-PA Author Manuscript

adenosine deaminases acting on tRNAs
AID
activation-induced cytidine deaminase
ALS
amyotrophic lateral sclerosis
AOA
ataxia with oculomotor apraxia
APOBECs
apolipoprotein B editing catalytic subunit family
ASDs
autism spectrum disorders
BACE1
β-amyloid precursor protein-cleaving enzyme 1

NIH-PA Author Manuscript

BCOR
Bcl6- interacting corepressor
BDNF
brain-derived neurotrophic factor
BMPR
bone morphogenetic protein receptor
BZM
benzamides
CBP
CREB binding protein
C/EBP
CCAAT/enhancer binding protein
CHAPs
cyclic hydroxamic acid-containing peptides
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corepressor for REST
CpG
cytosine dinucleotide
CREB
cAMP response element binding protein
CRYs
cryptochromes
CTP
cyclic tetrapeptides
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DMR
differentially methylated region
dsNRSE
double-stranded neuron-restrictive silencing element
E
glutamate
ECT
electroconvulsive therapy
endo-siRNAS
endogenous small interfering RNAs
ENOR
long expressed non-coding region
ERK

NIH-PA Author Manuscript

extracellular signal-regulated kinase
FMRP
fragile X mental retardation protein
FRAXE
fragile X mental retardation syndrome with FMR2 repeat expansion
FXS
fragile X syndrome
FXTAS
fragile X tremor and ataxia syndrome
GABA
gamma-amino butyric acid
GABAR
GABA receptor
GGR
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global genomic repair
HARs
human accelerated regions
HDAC
histone deacetylase
HERV
human endogenous retrovirus
HP1
heterochromatin protein 1
HXA
hydroxamic acids
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ICCs
imprinting control regions
ICF
immunodeficiency, centromere instability and facial anomalies syndrome
K
lysine
LCRs
locus control regions
LINE
long interspersed nuclear elements
LNA
locked-nucleic acid
LOH
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loss of heterozygosity
LOI
loss of imprinting
LTP
long-term potentiation
MAOs
monoamine oxidases
MAPK
mitogen-activated protein kinase
MBDs
methyl CpG binding proteins
miRNAs
microRNAs
Mll1
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mixed-lineage leukemia 1
MOR1
μ-opioid receptor 1
MS
multiple sclerosis
MSK
mitogen- and stress-activated protein kinase
ncRNAs
non-coding RNAs
NF
neurofibromatosis
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NRSF/REST
neuron-restrictive silencing factor/RE-1 silencing transcription factor
OGG1
8-oxoguanine DNA glycosylase 1
PARPs
polyADP ribose polymerases
PcG
polycomb
PCNSL
primary CNS lymphoma
piRNAs
piwi protein-interacting RNAs
PKMzeta
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protein kinase Mzeta
PKR
RNA-activated protein kinase
PNETs
primitive neuroectodermal tumors
PQBP1
polyglutamine binding protein 1
PRE
PcG-response element
PTB
polypyrimidine tract binding protein
PTC
patched
R
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arginine
Rag-1/2
recombination-activating gene-1/2
RBPs
RNA binding proteins
RNAi
RNA interference
rRNA
ribosomal RNA
RSK2
p90 ribosomal S6 kinase isozyme
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SAHF
senescence-activated heterochromatic foci
SCFA
short chain fatty acids
Shh
sonic hedgehog
SINE
short interspersed nuclear elements
Sir
silent information regulators
SLITRK1
neuronal SLIT and Trk-like family member 1
SMaRT
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spliceosome-mediated trans-splicing
Smo
smoothened
sniRNAs
small nucleolar interfering RNAs
snoRNAs
small nucleolar RNAs
SOD1
superoxide dismutase 1
STAT3
signal transducer and activator of transcription 3
T
threonine
TCR
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transcription coupled repair
TGCI
transient global cerebral ischemia
TICs
tumor-initiating cells
tiRNAs
transcription initiation RNAs
TLRs
Toll-like receptors
TRAIL
tumor necrosis factor-related apoptosis inducible ligand
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TrxG-response element
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TrxG
trithorax
UCHL1
ubiquitin carboxyl-terminal hydrolase L1
UTR
untranslated region
XCI
X chromosome inactivation
Xi
inactive X chromosome
Xic
X chromosome inactivation centers
XLMR
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