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Abstract

Mild stress from ischemia, seizure, hypothermia, or infection can produce a transient
neuroprotected state in the brain. In the neuroprotected state, the brain responds differently to a
severe stress and sustains less injury. At the genomic level, the response of the neuroprotected
brain to a severe stress is characterized by widespread differential regulation of genes with diverse
functions. This reprogramming of gene expression observed in the neuroprotected brain in
response to a stress is consistent with an epigenetic model of regulation mediated by changes in
DNA methylation and histone modification. Here, we summarize our evolving understanding of
the molecular basis for endogenous neuroprotection and review recent findings that implicate
DNA methylation and protein mediators of histone modification as epigenetic regulators of the
brain’s response to injury.
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Modulation of gene expression regulates injury

The brain has endogenous protective mechanisms that modulate the degree of injury
sustained in response to a given stress. In ischemic tolerance, exposure to a sublethal
ischemic event (preconditioning) protects the brain against a subsequent, severe ischemic
challenge, producing tolerance [1, 2]. The preconditioned brain shows reduced activation of
cell death pathways in response to a severe, normally injurious ischemic event [3]. Classic
ischemic tolerance is a gene-based mechanism that takes 1-3 days to develop /n vivo [4, 5]
or 24 hours to develop /n vitro [6-9]. Classic tolerance also requires new protein synthesis
[7, 10], as demonstrated by the ability of cycloheximide to block ischemic tolerance.
Analogously, several studies have suggested that transient ischemic attacks (TIAS) in
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humans are associated with improved clinical outcome after stroke, perhaps because they
induce ischemic tolerance [11-14].

The preconditioned brain, when challenged by severe ischemic stress, reprograms its
genomic response from one of injury induction to one of neuroprotection. Multiple studies
have focused on identifying the critical survival genes upregulated by ischemic tolerance.
For example, upregulation of the pro-survival protein Bcl-2 is necessary for delayed
tolerance to focal ischemia [5, 9]. However, when we used DNA microarrays to measure
RNA expression in mice exposed to severe ischemia, with or without preconditioning, we
found that numerous genes with diverse functions are differentially regulated in the tolerant
brain and that most are downregulated rather than upregulated [15]. This suggests that gene
silencing allows endogenous pro-survival mechanisms to predominate and as such represents
a potent neuroprotective strategy. Thus, the transcriptional response to a stress dictates
outcome (injury vs. protection), and the genomic response to an injurious stress can be
reprogrammed to produce endogenous neuroprotection (tolerance).

The tolerance phenomenon is not limited to ischemia. Prolonged epileptic seizures cause
brain injury. In epileptic tolerance, brief seizures (or kindling) protect the brain against
injury from subsequent prolonged seizures [16]; [17]. Epileptic tolerance is also associated
with large-scale transcriptional suppression, specifically involving genes associated with
calcium regulation and excitability pathways [18]. Epileptic seizures also protect against
ischemia, and preconditioning ischemia protects against epileptic brain injury. Adenosine
Al receptors and Karp channels have been implicated in such “cross tolerance” [19]. Other
examples of cross-tolerance include hypothermia protecting against subsequent ischemia
[20] and ischemia protecting against subsequent traumatic brain injury [21].

Small signaling molecules can also induce tolerance; many of these molecules target
pathways involved in inflammation, such as the NF-xB and TNF pathways. These molecules
engage Toll-like receptors (TLR), specifically TLR4 and TLR9 [22]. Lipopolysaccharide
(LPS), a TLR4 receptor agonist, has been used as an inflammatory stimulus to produce
ischemic tolerance in numerous systems. LPS pretreatment also protects against reperfusion
injury in the heart [23]. In the brain [24], the characteristics of preconditioning LPS
administration are intriguingly similar to those of preconditioning induced by ischemia:
delayed development [25] [4], protein synthesis dependence, and a reprogramed cellular
response to a potentially injurious stimulus. Doses of LPS that produce tolerance do not
result in brain injury, although they do induce inflammation. Higher doses of LPS preclude
tolerance [25, 26]. LPS does not cause acute changes in cerebral blood flow [10, 23].
Preconditioning with LPS also stimulates NO synthesis [23].

Thus, the brain can protect itself from a severe insult though endogenous mechanisms that
reprogram the transcriptional response. In the next sections, we summarize our current
understanding of the role of epigenetic mechanisms in regulating the brain’s response to
injury.
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DNA methylation as an epigenetic mediator of neuroprotection

Methylation of DNA plays an important role in the epigenetic modulation of gene
expression [27]. It may play a role in regulating the differential responses observed in
ischemic injury and ischemic tolerance. Preconditioning ischemia upregulates methyl CpG
binding protein 2 (MECP2) [28], a transcriptional repressor that binds methylated DNA and
recruits histone deacetylases to repress transcription [29]. In addition, one study has shown
that global DNA methylation increases in the brain after ischemic injury. Blocking DNA
methylation with 5’-azacytidine, which inhibits DNA methyltransferase activity, attenuated
ischemic brain injury [30], and heterozygous knockout of DNA methyltransferase (DNMT)
reduced infarct size [30]. Furthermore, another study has shown that upregulation of
methylation, induced with the DNA methylation agent methylazoxymethanol, blocks the
neuroprotective effects of ischemic tolerance [31]. These findings suggest that reduced DNA
methylation confers neuroprotection in the ischemic brain.

While there is evidence that a global reduction in DNA methylation mediates the
neuroprotective effects of ischemic tolerance, additional studies suggest that the changes in
methylation that mediate ischemic injury and protection are nuanced, the effect dependent
on the pattern of methylation changes. In an /n vitro ischemia model, an overall attenuation
of methylation was observed in ischemic preconditioning, ischemic injury, and ischemic
tolerance (mild preconditioning ischemia followed by severe ischemia) [32]. The decrease in
global methylation was more pronounced in ischemic tolerance, consistent with the idea that
a reduction in methylation contributes to tolerance. At the same time, foci of increased
methylation on chromosomes 1, 7, and 17 were observed in ischemic tolerance. In ischemic
injury, foci of increased methylation occurred on chromosomes 2, 12, and 13. Thus, in injury
and tolerance, methylation was selectively and differentially enhanced at specific
chromosomes. The incidence of methylation followed a similar pattern of distribution in
different genomic regions in ischemic injury and tolerance. However, in preconditioned
cells, the incidence of exon- and intron-associated methylation increased and the incidence
of intergenic methylation decreased, relatively. In addition, near transcription start sites,
methylation clustered at similar locations in preconditioning and injury, but at a different
location in tolerance [32]. Thus, changes in DNA methylation are regional and
multifactorial.

In several model systems, changes in DNA methylation appear to regulate tolerance. Both
preconditioning ischemia and preconditioning seizure induce neuroprotection through
genomic reprograming. As in ischemic tolerance, a reduction in gene expression occurs in
seizure tolerance (mild preconditioning seizure followed by severe seizure). Thus, gene
repression may mediate tolerance in both the epileptic and ischemic brain [18]. In turn,
altered DNA methylation might mediate gene repression. As in ischemic tolerance, the DNA
methylation pattern in seizure tolerance shows a global pattern of alteration, with increases
and decreases in methylation[33]. In ischemia and seizure, different stresses produce distinct
patterns of chromatin methylation on specific chromosomes [33], but it is uncertain how
individual chromosomes are targeted for differential methylation. Consistently, however,
chromosome-specific gene expression in excitotoxicity has been reported [34].
Chromosomal transcriptional bias is an evolving molecular mechanism that may play a role
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in the differential transcriptional responses to stress. Attenuation of transcription is
associated with the movement of chromosomes into active nuclear territories [35]. A
pertinent example is that of ChrX movement in modeled epilepsy [36].

Accordingly, studies of different models of tolerance have shown that dynamic changes in
DNA methylation occur in the settings of preconditioning, injury, and tolerance. In cells
subject to ischemic preconditioning, ischemic injury, and ischemic tolerance, DNA
hypomethylation predominates as the response. However, selective and regionally specific
increases in methylation, resulting in hypermethylation, are also observed. The effect of
these events upon transcription awaits definition.

Proteins as epigenetic mediators of neuroprotection

Although the transcriptional signature of ischemic tolerance is transcriptional suppression,
tolerance is nonetheless protein synthesis dependent. These facts appear to be somewhat
contradictory, until the protein-dependence of gene silencing is taken into account. The
genes uniquely regulated in tolerance have diverse functions, including regulation of
metabolism, transport, participation in immune/defense responses, and control of cell cycle
[15]. An epigenetic mechanism is compatible with the regulation of a broad range of genes.
Consistently, when we used an unbiased, quantitative proteomic approach coupled with
biochemical and physiological studies to characterize the proteomes of sham control,
ischemic-preconditioned, ischemic-injured, and ischemic-tolerant mouse brains [37], we
found that: 1) Ischemic-tolerant brains are enriched with repressive epigenetic regulators,
including polycomb group (PcG) proteins and the histones that PcG proteins modify; 2) PcG
proteins are essential for ischemic tolerance (as shown by over- and under-expressing several
PcG proteins /in vitroand in vivo); and 3) PcG proteins regulate physiological activities that
are repressed in tolerance, particularly potassium channel function [15]. These results
support an epigenetic mechanism in endogenous neuroprotection, one involving PcG
proteins as central mediators of brain ischemic tolerance. Other studies have shown that PcG
proteins target genes throughout the genome, including genes regulated in ischemic-tolerant
brains [38-41]. Thus, a PcG protein-mediated, endogenous neuroprotective mechanism
against ischemic injury explains the genomics and the physiology of ischemic tolerance in
the brain.

When PcG proteins were examined in the epileptic brain, bidirectional changes in the
expression of genes associated with the polycomb repressive complexes (PRC1 and PRC2)
and Pho repressive complex (PhoRC) (Figure 1) were observed after injurious seizure. The
expression of several genes, including Bmil, Ring1b, Ezh2, Suz12, Sirt1, and Yy,
increased rapidly (1 h) and then decreased (4-24 h post injurious seizure). Tolerance,
induced by a brief seizure the day before injurious status epileptics (resulting in ~50%
damage to the vulnerable CA3 subfield), resulted in immediate, regional, and temporal
changes in the transcription of the polycomb genes Bmil, Ezh1, Ezh2, Suz12, Yy1, and

Yy2. PcG transcripts were downregulated in injury and tolerance, but to different extents and
in a differential manner for genes associated with PRC1 and PRC2. Expression of PRC2-
associated genes was higher in tolerance than in injury, while expression of PRC1-associated
genes was lower in tolerance [42].
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PcG proteins assemble into at least three major complexes that work in concert. Each has a
distinct role in epigenetic regulation and distinct histone modification activities (Figure 1).
The catalytic component of PRC2, Ezh1/2, is a histone methyltransferase that trimethylates
histone H3 at lysine 27, a histone modification associated with gene repression. Histone H3
trimethylation in turn recruits PRC1. In PRCL1, the E3 ubiquitin ligases RING1A and
RING1B monoubiquitinate histone H2A at lysine 119. PcG proteins also interact directly
with genomic DNA at polycomb response elements (PRE). PcG protein target genes include,
but are not limited to, those that encode electron transporters, glucose transporters,
endopeptidases, oxidoreductases, and G-protein coupled receptors [41, 43, 44]. An anti-
oxidative role of the PcG protein Bmil has also been reported [45].

PcG proteins are not the only epigenetic regulators. For many genes, the repressive effect of
PcG proteins is countered by the activity of trithorax group proteins (TrxG), which modify
different histone residues, namely lysine 4 in histone H3, and thereby activate, rather than
repress, target genes (Figure 1). Thus, PcG and TrxG proteins together represent a “bivalent”
model of epigenetic regulation in which PcG proteins act as transcriptional silencers and
TrxG proteins antagonize PcG silencing. Many target genes carry hallmarks of both active
and silenced chromatin, suggesting they have the potential to be activated or silenced at a
later stage (“bivalent”). In response to transcriptional cues that trigger cell fate commitment,
bivalent loci are thought to switch to a fully silenced state or a fully active state [46]. This
model implies that increased activity of PcG proteins in ischemic tolerance is accompanied
by decreased activity of TrxG proteins. Consistently, treatment of mice with a peptide that
disrupts interactions in the TrxG MLL complex and inhibits histone H3 methylation at lysine
4, reduces ischemic injury[47].

The components of the PcG and TrxG regulatory machineries that are uniquely regulated in
brain ischemic tolerance include Scmhl, Bmil, and Ring1B, three PRCL1 proteins that
function as interacting proteins, linking PRC1 to other proteins, including a facilitator of
histone H2A monoubiquitination and a ligase for H2A ubiquitination [48, 49].
Compositional changes in core PcG complexes have been implicated in cell fate
determination [50, 51]. In ischemic-tolerant brains and neuronal cultures, Scmhl, Bmil, and
Ring1B are robustly upregulated. On the other hand, TrxG proteins, which also form multi-
protein complexes, may change in the opposite direction. The expression and roles of other
PcG and TrxG proteins in ischemic tolerance remain to be elucidated.

Data indicate that PcG and TrxG proteins are regulated during the induction of brain
ischemic tolerance, that differential changes in individual PcG and TrxG proteins result in
dynamic changes in the composition of PcG and TrxG complexes, and that ratios between
different PcG and TrxG proteins ultimately determine whether a target gene is activated or
silenced. We do not yet know which components of the regulatory complexes are most
responsive in the settings of injury and tolerance, nor do we understand the regulatory
mechanisms that differentially regulate PcG and TrxG proteins during the induction of brain
ischemic tolerance. Given that the expression of PcG genes changes during development
[52], that PcG protein levels increase under tolerant conditions, and that the induction of
ischemic tolerance depends on new protein synthesis [10], it is reasonable to assume that
increased PcG protein levels are a result of increased PcG gene expression. However, other
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mechanisms might also regulate PcG protein levels and play a prominent role in the
development of ischemic tolerance, such as regulation at the translational level. Indeed, the
timing of changes in PcG protein expression and biosynthesis under ischemic-tolerant
conditions suggests robust, early upregulation, consistent with transcription-independent
translational regulation. In addition, emerging evidence supports a role for microRNAs in
the regulation of PcG protein expression [53, 54].

In summary, the development of tolerance involves a rapid increase in the biosynthesis of
new PcG proteins (likely accompanied by a decrease in TrxG biosynthesis), altering the
stoichiometry of PcG and TrxG complexes and the balance between gene silencing and gene
activation. Proteome-wide characterization of newly synthesized proteins offers the ability to
identify novel proteins with therapeutic potential.

Conclusion

The brain’s intrinsic mechanisms for protecting itself from insults involve widespread
changes in gene expression and DNA methylation, suggesting that successful interventions
to reduce brain injury will arise not from targeting an isolated molecule or pathway but from
inducing a coordinated transcriptional response. To this end, understanding the role of
broad-based epigenetic regulation in establishing endogenous neuroprotection offers a new,
promising avenue for the development of treatments for stroke, epilepsy, and other
neurological disorders.

Abbreviations

LPS lipopolysaccharide

PcG polycomb group

PRC polycomb repressive complex

TLR Toll-like receptor

TrxG trithorax group
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Figure 1. Regulation of chromatin structure and gene expression by PcG and TrxG proteins
PcG proteins regulate chromatin structure through post-translational modifications,

particularly histone tail methylation. PcG proteins and their functional antagonists, TrxG
proteins, produce a bivalent state that is responsive to signaling events. Ancillary DNA-
binding proteins, such as YY1 in the Pho repressive complex, aid recruitment of PRC1 and
PRC2 to target genes. They interact with DNA and chromatin modifiers, including DNA
methyl transferases, histone deacetylases, histone acetyltransferases, and the Jarid pathway
proteins. H2A, histone 2A; H3, histone 3; Me, methyl group; PRC, polycomb repressive
complex; Ubg, ubiquitin; PhoRC, Pho repressive complex. (From Reynolds et al.,
Transcriptional response of polycomb group genes to status epilepticus in mice is modified
by prior exposure to epileptic preconditioning, Frontiers in Neurology, 6:46, 2015)
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