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Abstract

The restrictive element-1 silencing transcription factor)/NRSF (neuron-restrictive silencing factor
(NRSF) is a transcriptional repressor which acts via epigenetic remodeling to silence target genes.
Emerging evidence indicates that REST is a master transcriptional regulator of neuron-specific
genes not only in neurogenesis and neuronal differentiation, but also in differentiated neurons
during the critical period in postnatal brain development, where it plays a role in fine-tuning of
genes involved in synaptic plasticity, and in normal aging, where it promotes neuroprotection by
repressing genes involved in oxidative stress and B-amyloid toxicity. This review focuses on recent
findings that dysregulation of REST and REST-dependent epigenetic remodeling provide a central
mechanism critical to the progressive neurodegeneration associated with neurologic disorders and
diseases including global ischemia, stroke, epilepsy, Alzheimer’s and Huntington’s disease.

Introduction

REST (also called NRSF) is a gene silencing transcription factor that is widely expressed
during embryogenesis and plays a strategic role in end-stage neuronal differentiation [1,2].
In pluripotent stem cells and neural progenitors, REST acts via epigenetic remodeling to
actively repress a vast number of coding and noncoding neuron-specific genes involved in
synaptogenesis, axonal path-finding, synaptic plasticity and structural remodeling, including
synaptic vesicle proteins, channels, receptors, transporters, and neuron-specific microRNAs
that regulate networks of non-neuronal genes [3-6]. /n silico analysis identifies close to
2000 putative REST targets in the mammalian genome, including both coding and
noncoding genes [7,8]. During the final stages of neuronal differentiation, loss of REST is
essential for acquisition of the neuronal phenotype [9].

Whereas REST was initially thought to function as a master regulator of neuronal genes
involved in neurogenesis in undifferentiated neurons and stem cells. Recent findings indicate
that REST is expressed in differentiated neurons during the critical period, a time of
heightened sensitivity to plasticity in brain development, where it plays a role in fine-tuning
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of genes important to synaptic plasticity [10] and in normal aging, where it suppresses genes
involved in neuronal death, thereby affording neuroprotection [11¢]. Dysregulation of REST
is implicated in a number of neurodegenerative disorders and diseases. REST is activated in
selectively vulnerable mature hippocampal neurons in response to ischemic insults [12e,
13,14+,15¢,16] and seizures [17,18,19¢,20]. In Huntington’s disease, REST aberrantly
accumulates in the nuclei of selectively vulnerable striatal neurons [21,22]. In aging
neurons, loss of REST is associated with the onset of Alzheimer’s disease in humans [11¢]
(Figure 1).

REST-dependent epigenetic remodeling

A fundamental mechanism by which REST regulates target genes is that of epigenetic
remodeling [9,10,12¢,13,14¢,16]. Epigenetic modifications, such as DNA methylation and
hydroxymethylation and histone modifications reflect environmental influences that are not
‘hard-wired’ into the DNA sequence and represent a mechanism through which
environmental cues, adverse or enriched experience, drugs of abuse, and neuronal insults
such as ischemia and seizures can modify synaptic connections, synaptic efficacy and
structural remodeling [23-25]. It is now well established that epigenetic modifications are
critical to genome reprogramming during brain development, tissue-specific gene
expression, higher cognitive function such as learning and memory, and to neuronal survival
in aging neurons [23-28]. It is postulated that changes in the epigenome could be an
important mechanism for enduring changes in transcription in adult neurons.

In neural progenitors [9], differentiated neurons during postnatal development [10], and
insulted adult neurons [12¢,14¢,16], REST binds at RE1/NRSE sites within target genes and
recruits CoREST [29,30] and mSin3A [31-33], corepressor platforms which in turn recruit
histone deacetylases (HDACSs)-1 and 2. HDACs remove acetyl moieties from core histone
proteins and induce dynamic and reversible gene silencing by tightening of the core
chromatin complex, thereby restricting access of the transcriptional machinery required for
gene activation to the promoters of target genes [6,23-28,34]. REST mediates long-term
gene silencing by association with site-specific histone methyltransferases such as G9a,
which promotes trimethylation of histone 3 at lysine 9 (H3K9me3) through CoREST-
dependent [9,35] and independent [36] mechanisms and the site-specific histone
demethylase LSD1, which removes methyl groups from H3 at K4 (H3K4) [37,38]. In
addition, REST associated with methyl-CpG binding protein 2 (MeCP2), a transcriptional
repressor that reads epigenetic marks and is recruited to methylated CpGs [39]. Histone
acetylation and methylation are primarily marks of dynamic gene expression. Although
originally thought to be an enduring mark of gene silencing [40], we now know that changes
in DNA methylation can be rapid and reversible [41].

REST not only silences, but also recruits other proteins and, which together activate REST
target genes. For example, recent studies indicate that full-length REST can activate gene
transcription by recruiting two proteins, TET3 hydroxylase and NSD3, chromatin
remodeling proteins [42] that typically activate gene transcription. A recent study revealed a
mechanism by which this occurs [42]. REST directly binds the short splice variant of TET3
(the predominant isoform found in neurons) and directs it to the promoters of REST target
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genes, where TET3 promotes conversion of methyl cytosine to 5-hyodroxy methylcytosine,
resulting in context-specific gene transcription [42]. In addition, the REST — TET3
complex recruits methyltransferases such as NSD3, which confers a trimethyl moiety to core
histone protein H3 at lysine residue 36 to generate H3K36me3, a strong and enduring mark
of gene activation [43]. In addition, the short splice variant of REST, REST4, which contains
the N-terminal, but lacks the C-terminal repressor domain, can activate REST target genes
by coordinating with the glucocorticoid receptor (a ligand-dependent transcription factor) to
recruit Brahma (Brm), a chromatin remodeling protein that also activates gene transcription
[44]. These findings reveal novel mechanisms by which REST activates expression of
neuronal genes.

Role of REST in differentiated neurons under physiological conditions

In addition to its role as master regulator of neurogenesis, REST plays an important role in
the shaping of the synaptic output of adult neurons. During normal postnatal development,
REST orchestrates the developmental switch in several key synaptic and extrasynaptic
proteins including the NMDA receptor (NMDAR) and K-ClI cotransporter KCC2. NMDARs
are critical to synaptogenesis, neural circuitry and information flow. REST binds and
epigenetically remodels the grin2b promoter (gene encoding the NMDAR subunit GIuUN2B)
and thereby silences GIUN2B expression. This, in turn, promotes the switch between the
immature (primarily GIuN2B-containing) and mature (primarily GIuN2A-containing)
NMDAR phenotype at hippocampal synapses [10]. This is significant in that GIUN2B
expression restricts synaptic incorporation of AMPARS, reduces the threshold for and
enhances the magnitude of LTP, and promotes hippocampal- dependent learning, plasticity-
induced spine growth and dendritic patterning critical to information processing [45].
Interestingly, the switch can be disrupted by brief bouts of adverse experience in the form of
maternal deprivation, indicating that the synaptic NMDAR phenotype can be regulated by
REST-dependent epigenetic remodeling [10].

In addition, REST regulates chloride conductance in neurons during postnatal development.
In neonatal neurons, the chloride transporter NKCCL1 is robustly expressed and the K-CI
cotransporter KCC2 is repressed by binding of REST at two distinct sites within the kcc2b
promoter [46]. This is significant in that NKCC1 promotes high intracellular Cl-, and drives
an outward CI- flux, resulting in depolarizing GABA currents. During early postnatal
development (~P8), NKCC1 expression decreases and loss of REST from the Kcc2b
promoter induces upregulation of KCC2. This is significant in that the K-CI cotransporter
KCC2 maintains the low intracellular chloride required for the hyperpolarizing actions of the
inhibitory neurotransmitters GABA and glycine in mature neurons [46]. Thus, REST
regulates the sign of GABA (and glycine) synaptic transmission.

Specificity of REST target genes

Given ~2000 putative REST target genes that contain the canonical RE1-NRSE element

within the mammalian genome [7,47], and that noncanonical RE1 motifs in the genome [48]
account for an even broader array of dynamically regulated, but lower affinity, REST targets,
the question arises as to what determines the specificity of interaction between REST and its
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targets. Considerable evidence indicates that the ensemble of target genes responsive to
REST (“transcriptionally-responsive’ genes) varies in a cell-type-dependent and context-
dependent manner. The subset of REST targets that exhibit altered expression in the
hippocampal CA1 after global ischemia [14¢] differs from that altered in the hippocampal
CA3 in response to seizures [20], that in prefrontal cortex of humans with Huntington
Disease [22] and that in the prefrontal cortex of healthy aged humans [49]. In addition, the
subset of transcriptionally responsive genes identified by unbiased, genome-wide studies
involving REST chromatin immunoprecipitation and deep sequencing (ChIP-seq) in a
neuroblastoma cell line [49] differs from that identified by large-scale ChIP-seq in Jurkat
cells [48] and by ChIP-on-chip in mouse neural stem cells [50]. These findings demonstrate
that in different cell types, at different ages and disease states, REST controls expression of
different ensembles of target genes. It should also be noted that experiments performed in
cell lines /n vitro do not reflect the impact of the cellular environment, which is known to
influence the epigenetic landscape and alter the binding of REST and other transcription
factors/chromatin remodeling proteins to target genes.

An attractive scenario is that the epigenetic landscape, which varies with developmental
stage, cell type, brain region and disease state, determines the enrichment of REST at the
promoter of a given target gene. A case in point is the polycomb group proteins, which serve
as gene silencers in various cells types including neurons [51]. The polycomb complex-2
(PRC?2) is recruited to RE1/NRSE elements within the promoters of REST target genes via
the long noncoding (IncRNA) HOTAIR [52]. Whereas HOTAIR binds through a motif in its
50 domain to the polycomb complex 2 (PRC?2), it binds through a motif in its 3" domain to
the LSD1/CoREST/REST complex, consistent with the concept that INCRNAs serve as
scaffolds by providing binding platforms to assemble chromatin remodeling proteins, and
thereby regulate transcription [52]. Recent studies show that the epigenetic mark
H3K27me3, a functional readout of the polycomb protein EZH2, is enriched at the grin2b
gene (gene encoding the NMDA receptor subunit GIuN2B) during normal postnatal
development [10]. It is also possible that other transcription factors and epigenetic marks
also influence the affinity for REST of a given gene or set of target genes.

Another factor is that of binding affinity of target genes for REST. Using large-scale
transcriptome arrays, Baram and colleagues [20] found that only a small subset (~10%) of
putative REST targets are silenced by REST in response to seizures despite the fact that
REST is increased several-fold. Unexpectedly, the impact of REST on target genes was
greatest for genes that bound the transcription factor with an intermediate affinity, a property
that renders them sensitive to modest alterations in REST abundance. Whereas genes that
bind REST tightly are already switched off under physiological conditions, genes that bind
REST weakly would require more REST in order to be switched off.

Regulation of REST abundance in neurons

REST abundance is bidirectionally regulated in pluripotent stem cells and cancer cells via
SCF (Skpl — Cull — F-box protein)/B-TrCP-dependent, ubiquitin-based proteasomal
degradation [53-55] and HAUSP-dependent deubiquitination [56]. B-TrCP is an E3 ligase,
which binds and initiates ubiquitination of target proteins (substrates) such as the
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transcription factors REST, p-catenin [57] and NFxp2 [58]. REST harbors two neighboring,
but distinct, noncanonical degron motifs in its carboxy-terminal domain [59]. A recent study
identified the serine/threonine kinase casein kinase-1 (CK1) as an upstream signal that
regulates REST stability. CK1 phosphorylates REST at serine residues within its degron
motifs, enabling the E3 ligase B-TrCP to recognize and bind REST (the substrate) through
phospho-degron motifs [15¢]. A recent study by Mandel and colleagues identified a proline-
rich sequence upstream of the phospho-degron motifs which, when phosphorylated by
ERKZ1/2, facilitates loss of REST at the end stage of neural differentiation [60].

There findings are consistent with a model whereby in differentiated neurons under
physiological conditions, CK1 is activate and maintains REST at low, constitutive levels. In
response to neuronal insults such as global ischemia, CK1 and g-TrCP abundance are
decreased, and REST rises in vulnerable hippocampal neurons [14+,16]. Once activated,
REST binds to the RE1 element in the promoters of a subset of target genes including the
AMPAR subunit GIuA2, and assembles in a large corepressor complex (see above) that
orchestrates epigenetic modifications and gene silencing in a cell-specific and context-
specific manner [13,14+,16].

REST can also be degraded via the lysosomal/autophagy pathway as occurs, for example, in
AD, frontotemporal dementia and dementia with Lewy bodies [49]. Activation of autophagy
by serum deprivation results in translocation of REST from the nucleus to the cytoplasm of
neuron-derived SH-SY5Y cells, where it colocalizes to punctate structures identified as
autophagosomes [49]. Moreover, REST colocalizes with A in a subset of autophagosomes
[49]. A possible scenario is that the ubiquitin-proteasome system is overloaded or impaired
in neurodegenerative diseases such as AD. It is well known that ubiquitinated proteins
associate with the cargo adaptor p62 which target them to LC3-11 (+) autophagosomes [61].

In addition to regulation of REST abundance by the ubiquitin-based, proteasomal and
lysosomal pathways, REST activity can be regulated by translocation of REST into or out of
the nucleus. Cattaneo and colleagues found that wild-type huntingtin resides in the
cytoplasm, where it forms a complex with HAP1 and REST-interacting LIM domain protein
(RILP), which together sequester REST in the cytoplasm, away from target genes [21,22]. In
cell and mouse models of Huntington’s disease, mutant huntingtin disrupts the complex,
liberating RILP, which directly binds REST/NRSF and promotes its translocation into the
nucleus [62]. Once in the nucleus, REST assembles to form a corepressor complex, which
represses the transcription of an ensemble of genes including the gene encoding brain-
derived neurotrophic factor (BDNF), a member of the neurotrophin family of growth factors
implicated in synaptogenesis, dendritogenesis, and neuronal survival [63].

neurodegenerative disease

REST dysregulation is implicated in diseases of the nervous system. Perturbation of REST
expression during embryogenesis elicits cellular apoptosis, aberrant differentiation,
patterning and lethality [64,65]. In differentiated neurons, REST is quiescent, but can be
activated in response to neuronal insults such as ischemia [12¢,13,14¢,15¢] and seizures
[17,18]. In these disorders, a rise in REST and REST-dependent epigenetic remodeling are
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causally linked to neuronal death. Increased expression of REST in response to neuronal
insults would be expected to repress not only postsynaptic receptors and transporters, but
also presynaptic vesicle proteins such as synapsin I, synaptophysin, synaptotagmins Il, 1V,
VI and VII, synaptobrevin I, and the SNARE protein SNAP25 [66]. Thus, not only
neurotransmission in adult neurons, but also stimulus-induced exocytosis in PC12 cells and
pancreatic p-cells, relies on exceedingly low levels of REST expression [66], with
exceedingly brief exceptions to enable, for example, transitions between receptor (or
transporter) phenotypes. In contrast, in aging neurons, low levels of REST are
neuroprotective, and loss of REST is associated with Alzheimer’s disease [11¢].
Dysregulation of REST and its target genes is also implicated in the pathogenesis of epilepsy
[19+,20,67], Huntington’s disease [21], Parkinson’s disease [68], and SMCX, a form of X-
linked mental retardation [69]. We focus on global ischemia and Alzheimer’s disease, for
which the evidence in strongest.

ischemia

Recent findings demonstrate that REST expression is activated in mature, differentiated
neurons in response to neuronal insults and that REST-dependent silencing of target genes is
essential to neuronal death. Within 16-24 hours after global ischemia induced by 4 VO
model in rats, CK1 and p — TrCP are decreased [15¢] and REST protein abundance is
increased, presumably due to enhanced stability in selectively vulnerable hippocampal CAl
neurons (Figure 1) [12¢,13,14+,15¢,16]. In the CAL pyramidal cell layer, REST is recruited
to the proximal promoter of a subset of target genes where it assembles with a corepressor
complex and orchestrates epigenetic remodeling. These findings implicate epigenetic
dysregulation in neurodegeneration [6]. The HDAC inhibitor TSA affords substantial
protection against ischemia-induced neuronal death [14¢], indicating a causal relation
between epigenetic remodeling and ischemia-induced neuronal death. Expression of ShRNA
directed to REST or dominant-negative REST expressed in the brain of living animals
afforded robust protection of CA1 neurons in a clinically relevant model of global ischemia.
These findings provide strong evidence that activation of REST in excitatory neurons of
hippocampal neurons is casually related to neuronal death. A similar role for REST in
ischemia-induced neuronal death has been demonstrated in transient middle cerebral artery
occlusion (tMCAQ), a clinically relevant model of ischemic stroke [70].

ChlIP-on-chip profiling and bioinformatics analysis indicate that in post ischemic neurons,
the REST orchestrates the silencing of an ensemble of ‘transcriptionally responsive’ target
genes, including those encoding the AMPA receptor subunit GIuA2, the NMDAR subunit
NR1, neuronal acetylcholine receptor subunit B2, the muscarinic acetylcholine receptor M4,
NF-xB subunit 2, TRPV1, and the SNARE protein synaptotagmin 6, of which the gene
encoding GIuA2 was highly ranked. This is significant in that the GIuA2 subunit is the ‘ion
gate-keeper’ of AMPARS [71]. Whereas GluA2-lacking AMPARSs are permeable to Ca2",
and Zn2* and exhibit pronounced inward rectification, the presence of GIuA2 in heteromeric
AMPA receptors renders the channel impermeable to Ca2* and Zn?* and electrically linear
[71]. The presence of GIuA2 also influences channel kinetics, conductance, and targeting to
and from synaptic sites [71]. This is significant in that Ca2*-permeable AMPA receptors are
casually related to ischemia-induced neuronal death [12]. Genes with enhanced REST
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binding exhibited reduced mRNA and protein expression in the selectively vulnerable
hippocampal CAL after ischemia [14].

REST and Alzheimer’s disease

A landmark paper by Yankner and colleagues reports that REST is neuroprotective in the
aging brain [49]. The authors show that whereas REST expression, activated by the Wnt
signaling pathway;, is a prominent feature of normal aging, loss of REST is associated with
mild or severe cognitive impairment and AD (Figure 1). Examination of autopsy tissue from
normal aging human subjects revealed a striking increase in REST in the nuclei of neurons
of the prefrontal cortex and the hippocampal CA1 and CA3 that was lost in subjects with
mild or severe cognitive impairment AD. ChIP-seq experiments in SH-SY5Y cells [49]
revealed occupancy of REST primarily at targets involved in neuronal death (p38 MAPK,
FAS, FADD, TRADD, BAX, BID, BBC3 (also known as PUMA), mitochondrial
permeability transition pore proteins and cytochrome c) and AD pathology (y-secretase,
presenilin 2, presenilin enhancer-2, and CDK5R1). Accordingly, aging mice with reduced
REST exhibited enhanced vulnerability to oxidative stress [49]. Consistent with this, a
missense variant of REST which elevates REST expression is protective against
hippocampal atrophy associated with Alzheimer’s disease and neurodegeneration in patients
with mild cognitive impairment [72]. The neuroprotection afforded by REST in aging brain
transcends AD in that REST is also depleted in tissue from subjects with frontotemporal
dementia and dementia with Lewy bodies [49]. Moreover, elevated REST expression in
neurons of the substantia nigra is protective in an animal model of Parkinson’s disease [73].
These findings demonstrate that REST expression in aging neurons confers neuroprotection
and implicate REST as a potential therapeutic target in both mild and severe cognitive
impairment AD.

Conclusion

In summary, the past decade has witnessed new findings which collectively point to a role
for dysregulation of REST in neurodegenerative disease. Whereas REST is causally to the
neuronal death of post ischemic, mature neurons, in aging neurons, it affords
neuroprotection. An emerging concept that warrants further exploration is that the ensemble
of target genes regulated by REST varies in a cell-type-dependent and context-dependent
manner. These findings drive home the concept of REST as a multifaceted regulator of
neuronal genes in hormal and pathological conditions. Although significant progress has
been made in our understanding of how REST functions in neurons under physiological and
pathological conditions, many questions remain unanswered. For example, is assembly with
TET3 and NSD3 the only mechanism by which REST activates gene transcription or are
there other proteins that assemble with REST to promote gene expression? Are NMDA
receptors and chloride transporters the only gene targets regulated by REST-dependent
epigenetic remodeling during the critical period in postnatal development or are there other
genes involved in synaptic plasticity that are regulated by REST at this time in development?
Avre there as yet undiscovered small molecule inhibitors or activators of REST that might
open the door for development of novel therapeutic strategies to ameliorate the neuronal
death and impaired cognition associated with neurodegenerative disorders and diseases? In
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aging neurons, REST affords neuroprotection by suppressing genes involved in apoptosis
and oxidative stress including many Bcl2 family members [11¢]. Is there any other context in
which REST suppresses this ensemble of genes?. In summary, the many unanswered
questions suggest many years of fruitful research on REST and epigenetic remodeling of
neuronal genes lie ahead.
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Figurel.
Regulation of REST in global ischemia and AD. Left, global ischemia reduces abundance of

CK1 and E3 ligase B-TrCP, resulting in an increase in REST in the hippocampal CAl. REST
binds to the RE1 element within the promoter of target genes such as griaZ and orchestrates
the assembly of mSin3A and CoREST, HDACs 1 and 2, G9a and MeCP2. The REST-
corepressor complex promotes epigenetic remodeling of core histone proteins at the
promoter of target genes and represses transcription of genes important to synaptic plasticity
and neuronal survival. Right, In AD brains oxidative stress activates autophagy and
formation of autophagosome. REST is engulfed in autophagosomes, together with misfolded
proteins, such as AP and tau, which, in turn, reduces REST abundance in the nucleus. Loss
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of REST in the nucleus causes an increase in expression of genes involved in neuronal death
and AD pathology.
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