Chapter 6

The Role of the Gadd45 Family in the Nervous
System: A Focus on Neurodevelopment,
Neuronal Injury, and Cognitive
Neuroepigenetics

Faraz A. Sultan and J. David Sweatt

Abstract The growth arrest and DNA damage-inducible (Gadd)45 proteins have
been associated with numerous cellular mechanisms including cell-cycle control,
DNA damage sensation and repair, genotoxic stress, neoplasia, and molecular epi-
genetics. The genes were originally identified in in vitro screens of irradiation- and
interleukin-induced transcription and have since been implicated in a host of normal
and aberrant central nervous system processes. These include early and postnatal
development, injury, cancer, memory, aging, and neurodegenerative and psychiatric
disease states. The proteins act through a variety of molecular signaling cascades
including the MAPK cascade, cell-cycle control mechanisms, histone regulation,
and epigenetic DNA demethylation. In this review, we provide a comprehensive
discussion of the literature implicating each of the three members of the Gadd45
family in these processes.

6.1 Introduction

The growth arrest and DNA damage-inducible (Gadd)45 family includes the related
Gadd45a, Gadd45p/Myd118, and Gadd45y/CR6 proteins, referred to here as
Gadd45a, Gadd45b, and Gadd45g, respectively. The corresponding genes were
identified in different cell lines following irradiation stress and interleukin treatment
(Fornace et al. 1988; Abdollahi et al. 1991; Beadling et al. 1993). These evolution-
arily conserved proteins are small (~18 kDa), acidic homologs with both nuclear
and cytoplasmic expression (Tamura et al. 2012). Expression of the gadd45 genes
was confirmed in a variety of tissues including the skeletal muscle, heart, kidney, lungs,
brain, and testis (Zhang et al. 1999). Consistent with their discovery, the gadd45
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genes were shown to be sensitive to a wide variety of stressors in diverse cell lines
(Tamura et al. 2012). In the central nervous system (CNS), the genes have been
investigated as critical contributors to neuronal and glial stress responses, apoptosis,
and mitosis. This is consistent with their long-established role in cell-cycle check-
point regulation (Kearsey et al. 1995; Hildesheim et al. 2002). More recently,
Gadd45a and Gadd45b were implicated in epigenetic control of gene expression,
and this discovery prompted a growing literature documenting their role as players
in adult cognitive function and CNS diseases (Barreto et al. 2007; Ma et al. 2009;
Day and Sweatt 2011). In this review, we summarize the body of evidence showing
the Gadd45 proteins regulate nervous system development, injury responses, and
cognitive neuroepigenetics.

6.2 Nervous System Development

6.2.1 Expression Patterns of the Gadd45 Genes in Neural
Development

We begin with a discussion of the role of the Gadd45 family in the development of
the CNS. One study in particular provides a comprehensive assessment of the expres-
sion patterns of the Gadd45 genes throughout murine embryonic development
(Kaufmann et al. 2011). The authors began by assessing expression in mouse
embryos. Gadd45a mRNA was found to be expressed at low levels in the gastrula
stage, and this expression increased during neurulation, plateauing by embryonic day
9. In contrast, while strong gadd45b transcription was found during gastrulation,
expression decreased rapidly during neurulation. Gadd45g mRNA expression begins
at low levels and increases continuously following gastrulation. Relative quantifica-
tion of the three transcripts at embryonic day 10.5 revealed very minute gadd45b
expression and robust expression of gadd45a and gadd45g. These results suggest
Gadd45b may play the least critical function among the three genes in embryogenesis.
In Xenopus embryogenesis, similar relative expression patterns were found. Gadd45a
expression peaks between embryonic days 10.5 and 12.5, gadd45b expression is
minimal at embryonic day 10.5 but increases thereafter, and gadd45g expression
peaks between embryonic days 12.5 and 18 (Kaufmann and Niehrs 2011).

Region-specific analysis of transcription in mice showed prominent gadd45a
expression early in the mesoderm and primitive streak, the region through which
cell migration gives rise to the three germ layers. Gadd45b, in contrast, is strongly
localized to the chorion but not epiblast cells at embryonic day 7.5. However,
gadd45b is mildly expressed later in the posterior remnants of the primitive streak.
Gadd45g expression is also excluded from the epiblast cells at this stage. It is instead
found in the ectoplacental cone and the extraembryonic ectoderm.

Upon neurulation, Gadd45a mRNA is highly enriched in the neural folds,
suggesting a significant role in initial formation of the neural tube. Supporting this
hypothesis is the finding that a fraction of homozygous Gadd45a-null mutants
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exhibit exencephaly, a condition in which the brain grows outside of the skull due to
improper neural tube closure (Hollander et al. 1999). However, this finding may not
be due to Gadd45a-regulated apoptosis, as the requirement of apoptosis for neural
tube closure has been challenged (Massa et al. 2009). At this stage, Gadd45b is not
found in the lips of the neural folds but is expressed in the progenitors of the mid-
brain and hindbrain. Between embryonic days 8.5 and 8.75, gadd45g transcription
continues in the extraembryonic allantois, and embryonic expression is found in the
presomitic mesoderm. Notably, expression begins in neural fold precursors and then
becomes prominent in dorsal midbrain. Milder expression is found in the facio-
acoustic and dorsal root ganglia at this stage as well.

By embryonic day 9, gadd45a expression builds in placodes of the trigeminal
and dorsal root ganglia (Kaufmann et al. 2011). By day 9.5, expression is found
in the facio-acoustic, glossopharyngeal, and vagal ganglia as well as the olfactory
epithelium. Transcripts in the neural tube, however, begin to fade but persist in the
caudal neuropore and lamina terminalis, the final regions to undergo closure. After
embryonic day 9.5, a ubiquitous basal expression pattern of gadd45a persists, and
this includes the cranial ganglia VII-X. At day 10.5, expression appears in the
epithelium of the telencephalic ventricles. Expression was not detected in the mid-
brain and hindbrain regions. In contrast, by embryonic day 9, expression of gadd45b
builds in the dorsal midbrain and somites. In light of this pattern of embryonic
Gadd45b transcriptional patterning, it is not surprising that prominent expression in
the striatum was found in the adult brain (Sultan et al. 2012). Somitic expression of
Gadd45b persists in the trunk somites by embryonic day 10.5, and additional
expression occurs in the dorsal aorta, first branchial arches, and forelimb bud.
Relative to expression in these regions, Gadd45b mRNA was only weakly detected
in the forebrain, suggesting it plays a less significant role in neural development.
Finally, gadd45g transcription after embryonic day 9 was found to be the most pro-
nounced of the three loci (Kaufmann et al. 2011). Highly pronounced staining was
found in the dorsal midbrain, the cranial and dorsal root ganglia, and neural tube.
At day 9.5, gadd45g was expressed robustly at the forebrain-midbrain junction, the
trigeminal and facio-acoustic ganglia, the otic cup, and the latero-ventral hindbrain.
However, expression in the neural tube was not found to be homogenous; instead,
gadd45g is predominantly transcribed in the dorsal and ventral peripheral cells of
the neural tube. By embryonic day 10.5, expression remains pronounced throughout
the neural tube, extending from the most caudal tip to the midbrain rostrally. At this
point, diffuse expression in the forebrain and dense expression in the dorsal root
ganglia begin to appear as well. Murine expression of the gadd45 genes is summa-
rized in Fig. 6.1.

In situ hybridization analysis of expression patterns of the gadd45 genes in
Xenopus also revealed differential transcriptional profiles (Kaufmann and Niehrs
2011). Gadd45a transcripts are present homogenously in gastrulae in both ectoderm
and mesoderm layers. Upon neurulation, significant expression continues in the
ectoderm and neuroectoderm, but little expression is seen in the neural tube as in
murine development. However, gadd45b expression was shown to be relatively con-
centrated in the neural tube as well as the initial ectoderm during gastrulation even



84 F.A. Sultan and J.D. Sweatt

Gadd45a Gadd45b Gadd45g

Fig. 6.1 Expression of the gadd45 genes in mouse embryonic development. Whole mount in situ
hybridization on E9.5 (top row) and E10.5 (bottom row) murine embryos was used to visualize
expression of gadd45a (left), gadd45b (middle), and gadd45g (right). Lateral views are shown. Key:
ANZ anterior necrotic zone, ba first branchial arch, db dorsal midbrain, drg dorsal root ganglia,
fb forebrain, fg facio-acoustic ganglia, fI forelimb bud, fs forming somite, gg glossopharyngeal
ganglia, b hindbrain, A/ hindlimb bud, /t lamina terminalis, mb midbrain, nt neural tube, oe olfac-
tory epithelium, so somitic mesoderm, g trigeminal ganglia, ZPA zone of polarizing activity.
Reproduced with permission from Kaufmann et al. (2011)

though overall expression was very low compared to gadd45a and gadd45g. Similar to
its murine homolog, the Xenopus gadd45g gene showed the most prominent neural
expression, beginning in primary neuron precursors and later in the brain and eye.
Although the expression of Xenopus gadd45a and gadd45b differ somewhat from
their respective mouse homologs, it should be noted that the frog gadd45b gene
shares under 60 % homology with mouse gadd45b. The frog gadd45a and gadd45g
genes, however, share over 70 % homology with murine orthologs. Finally, neural
expression of gadd45g was similarly confirmed in the medaka, Oryzias latipes
(Candal et al. 2004). Expression was found in the neurula, and this spreads through-
out the entire brain, lens, olfactory bulbs, and optic tectum.

Together, these results implicate each of the Gadd45 family genes in embryogen-
esis and neurulation but to differing extents. By far, gadd45g expression is the most
robust in nervous tissue progenitors in both mice and frogs, suggesting it plays the
strongest role in the ontogeny of the central and peripheral nervous system. In mice,
gadd45b expression in nervous tissue is relatively weak, especially outside of the
dorsal midbrain, and is instead more selectively localized to somites, mesodermal
tissue that later gives rise to skeletal muscle, dermis, and vertebrae (Kawahara et al.
2005; Kaufmann et al. 2011). Gadd45a expression likely plays the strongest role in
neural tube closure in mice. Beyond embryogenesis, gadd45a transcription and pro-
tein expression persist in the adult murine cerebral cortex (Sarkisian and Siebzehnrubl
2012). Interestingly, cortical expression in the human fetus was similarly observed,
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suggesting a conserved developmental transcriptional profile for Gadd45a. Future
studies are needed to assess the transcriptional profile of gadd45b and gadd45g
beyond embryogenesis.

6.2.2 Regulation of Nervous System Development

There is also evidence from recent studies that both Gadd45a and Gadd45g play
functional roles in neural development. In addition to the proclivity for exencephaly
in Gadd45a-null mice, both knockdown and overexpression of gadd45a in Xenopus
embryos, for instance, produced a range of developmental defects including gastrula-
tion defects, reduced pigmentation, and head defects (Kaufmann and Niehrs 2011).
Surprisingly, gadd45b manipulations failed to produce a developmental phenotype,
suggesting that its low but detectable expression in the embryo is less consequential.
In contrast, increases or decreases in gadd45g gene product led to pleiotropic pheno-
types similar to those of gadd45a manipulation (de la Calle-Mustienes et al. 2002;
Kaufmann and Niehrs 2011). In medaka, overexpression of gadd45g attenuated
embryonic development and cell number, and knockdown produced developmental
and morphological abnormalities after the neurula stage (Candal et al. 2004).

The functionality of Gadd45a in neurodevelopment extends beyond gross
anatomical features and pertains to cell differentiation as well. An in vitro assay of
cortical neuron development found that both overexpression and knockdown of
gadd45a transcription suppress the formation of distal neurite processes and often
promote aberrantly shaped and sized cell bodies (Sarkisian and Siebzehnrubl 2012).
The authors similarly found that reduced gadd45a expression in the cortex in vivo
impairs dendritic arborization and neuronal migration to superficial cortical layers.
Overexpression failed to affect migration but caused irregular and hypertrophied
cell body development. Additionally, enhanced expression reduced survival and
impaired development in a rat glioma cell line in vitro, suggesting Gadd45a regu-
lates apoptosis. Likewise, overexpression of gadd45g in an embryonic carcinoma
cell line produced a neuronal phenotype, suggesting Gadd45g regulates not only
anatomical development but also differentiation of neurons (Huang et al. 2010).
Together, these studies demonstrate a significant role of the Gadd45 genes, particu-
larly Gadd45a and Gadd45g in the development of the nervous system at both a
gross and cellular scale.

6.2.3 Molecular Mechanisms in Neurodevelopment

The molecular pathways mediated by the Gadd45 family in neurodevelopment are
under investigation, but some studies have uncovered a link with the mechanisms of
cell-cycle regulation and apoptosis (Fig. 6.7a, b). The low-penetrance exencephaly
finding in Gadd45a-null homozygotes, for instance, has been linked to the
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XPC-associated pathway (Patterson et al. 2006). XPC functions as an oxidative
DNA damage repair factor, acting through both nucleotide- and base-excision repair
(BER) mechanisms at a genome-wide scale. It also modulates tumor formation and
redox homeostasis (Hollander et al. 1999; Melis et al. 2011). Indeed, gadd45a/XPC-
null double mutant mice displayed no further increase in exencephaly rate com-
pared to single mutants, suggesting an overlapping mechanism. In contrast,
homozygous deletion of Trp53, the gene encoding the tumor-suppressing p53 pro-
tein, caused a substantial increase in neural tube closure rate compared to gadd45a
homozygous single mutants (Patterson et al. 2006). This finding suggests Gadd45a
and p53 operate through separate pathways in development, a surprising result in
light of the indirect induction of the Gadd45a promoter by p53 (Zhan et al. 1998).
Additionally, both genes contribute to genome stability, apoptosis, G1 cell-cycle
checkpoint control through p21, and global genome repair. Concurrently,
gadd45a/Cdknla-null mutants, those lacking both Gadd45a and the cyclin-
dependent kinase inhibitor p21, also exhibited pronounced exencephaly rates versus
single mutants (Patterson et al. 2006). At a subcellular level, Gadd45a-null mice
exhibit genomic instability including aneuploidy, chromosomal aberrations, centro-
some instability, and abnormal growth and mitosis. The lack of observed alterations
in apoptosis rate in most cell lines and lack of a phenotype in induction of JNK and
p38 kinase cascades upon cytotoxic stress in Gadd45a-null cells indicate that the
mechanism for the observed phenotype may involve perturbed G2/M progression
rather than p53-dependent cell death (Hollander et al. 1999). Accordingly, Gadd45a-
null cells exhibit attenuated G2 checkpoint activation upon DNA damage (Wang
et al. 1999). Future studies are needed to determine whether this mechanism under-
lies neural tube defects.

A second proposed mechanism for Gadd45a function in brain development
involves the MAPK kinase kinase (mitogen-activated protein kinase kinase kinase),
MEKK4, which is known to promote neuronal migration and maturation (Sarkisian
et al. 2006; Yamauchi et al. 2007). Gadd45a directly binds and activates MEKK4
(Takekawa and Saito 1998). Furthermore, knockdown of MEKK4 reduced neurite
arborization in cortical neurons in vitro, recapitulating the effect of Gadd45a reduc-
tion and suggesting a common functional pathway in neuron maturation (Sarkisian
and Siebzehnrubl 2012). The Gadd45a-MEKK4 pathway furthermore has been
shown to stimulate phosphorylation of c-Jun N-terminal kinase (JNK), a subfamily
of MAPK proteins, and this pathway modulates neurite outgrowth in a neuroblas-
toma cell culture (Yamauchi et al. 2007). This study additionally identified this
linear pathway as a target of the mood-stabilizer valproic acid (VPA). VPA is used
to treat manic-depressive states by regulating a number of mechanisms targeting
neurotransmitter uptake and catabolism, postsynaptic receptors, and histone deacet-
ylation. VPA has been shown to stimulate adult neurogenesis, neurite extension, and
neuroprotective mechanisms (Coyle and Duman 2003). VPA directly induces
gadd45a expression in fibroblast and neuroblastoma cultures and adult cortical
neurons (Yamauchi et al. 2007; Sarkisian and Siebzehnrubl 2012). Furthermore, in
neuroblastoma cells, VPA was shown to induce gadd45a expression in association
with neurite extension. Gadd45a is necessary for the VPA-induced neurite
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extension effect, and overexpression of gadd45a is sufficient to recapitulate this
phenotype. Both VPA and Gadd45a require MEKK4 expression to stimulate cell
maturation, suggesting a conserved role of the Gadd45a—MEKK4 interaction in
neuronal maturation. Additionally, this interaction promotes the canonical MAPK
cascade upon VPA exposure: Both VPA and gadd45a overexpression were found to
enhance phosphorylation of JNK and its focal adhesion protein effector, paxillin,
and this is dependent on MEKK4. Finally, neurite extension induced by both VPA
and Gadd45a requires the ability to phosphorylate both JNK and paxillin.
Interestingly, the activity of ERK, a separate MAPK, is necessary for maturation by
VPA but not Gadd45a, suggesting VPA requires a broader range of MAPK function
to exert a morphological effect. In a separate paradigm in which neurite extension is
promoted by depriving cells of serum, JNK and paxillin phosphorylation is neces-
sary but only partially sensitive to Gadd45a knockdown (Yamauchi et al. 2006).
Taken together, these findings reveal that Gadd45a mediates neuronal maturation
to differing extents in a context-dependent manner. The in vivo developmental
implications of this result, however, are not fully clear. Furthermore, the VPA- and
serum deprivation-induced pathways may have a convergent point, but it is unclear
where this lies.

Gadd45a has also been identified as a downstream target of Sonic hedgehog
(Shh), a morphogen with diverse neurodevelopmental roles (Galvin et al. 2008).
Shh is known to signal through the Gli family of transcription factors; in neural
stem cells, Shh was found to induce Glil selectively, and overexpression of Glil
strongly induced gadd45a transcription. Gadd45a overexpression in neural stem
cells induces the G2/M phase arrest and the prevalence of the proapoptotic marker,
activated caspase-3. Glil may bind the gadd45a promoter directly or may act indi-
rectly, such as via the p53 pathway. It is also hypothesized that Gadd45a functions
in neural stem cell mitosis may coordinate the activity of the Cdc2 kinase and cyclin
B1 as it does in other cell lines (Jin et al. 2002; Maeda et al. 2002). In light of the
potential role of the Shh—Glil pathway in adult neurogenesis within the hippocam-
pus and subventricular zones of the brain, it is additionally possible that Gadd45a
may influence this process. However, adult neurogenesis has not yet been assessed
in gadd45a mutants. Taken together, these results show Gadd45a likely functions
through at least two signaling pathways which may regulate different aspects of
nervous system development at both an anatomical and cellular scale.

The mechanistic basis for Gadd45b and Gadd45g in nervous tissue development
has been less thoroughly studied. However, both proteins are also involved in
MEKK4 activation in human cells, suggesting possible roles in development that
may also be redundant with those of Gadd45a (Takekawa and Saito 1998). In a
murine embryonic carcinoma cell line, each of the gadd45 genes was robustly
upregulated in response to retinoic acid (RA), a universal morphogen critical to
mammalian embryonic patterning (Sheng et al. 2010). RA binds a heterodimeric
nuclear complex and coordinates a host of transcriptional events in development.
In neural development, RA was shown to antagonize signaling by bone morphoge-
netic protein (BMP), a crucial developmental player whose activation stimulates a
cascade of phosphorylation of Smad cytoplasmic effectors. Activated Smad
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complexes translocate to the nucleus to orchestrate a pattern of gene expression
affecting the developmental trajectory of the tissue. In the mammalian dorsal-ven-
tral axis, BMP signaling is restricted to the dorsal region whereas RA signaling
resides in the intermediate region. During neurulation, BMP naturally promotes
proliferation of progenitor cells and inhibits neurogenesis. In the chick neural tube,
it was confirmed that RA suppresses BMP signaling and promotes proliferation and
differentiation of neural progenitor cells (Sheng et al. 2010). In the dorsal neural
tube, the interplay between these factors also coordinates specification of neural
progenitors in the primitive spinal cord. The induction of gadd45b and gadd45g in
vitro appears to be functional in the RA-induced downregulation of phospho-
Smadl. Indeed, reduction in Gadd45b and Gadd45g expression restores pSmad1 in
the presence of RA and disrupts the RA-induced association between pSmad1 and
Smurf2, an E3 ubiquitin ligase. Since MAPK signaling was similarly shown to
mediate the reduction in pSmadl, it is a reasonable to hypothesize that RA-mediated
induction of the gadd45 genes triggers a MAPK cascade which leads to the reduc-
tion in pSmadl levels and that the resulting alterations in transcriptional program-
ming promotes a neuronal cell phenotype. The mechanisms by which Gadd45b and
Gadd45g regulate neuronal differentiation are also not fully clear. Indeed, it appears
Gadd45g influences molecular pathways of cell-cycle arrest and hence promotes
neuronal development indirectly rather than directly (Candal et al. 2005).

The breadth of upstream regulators of transcription of the Gadd45 family in neu-
rogenesis is complex and not fully understood. For instance, in a similar culture
system, the proneurogenic protein Ascll, a member of the basic helix-loop-helix
family of transcription factors, was shown to induce gadd45g by binding two E-box
elements in its promoter (Huang et al. 2010). Neurogenin-2 and Mash1, regulators
of dorsal and ventral telencephalon development, respectively, similarly coordinate
gadd45g transcription (Gohlke et al. 2008). Since these transcriptional factors regu-
late glutamatergic and GABAergic neuron development, respectively, additional
studies are needed to address the possible function of Gadd45g in either or both of
these classes. Additionally, the in vivo function of Ascll during neuronal differen-
tiation in the embryo has not yet been confirmed. One additional pathway regulating
Gadd45g expression in conjunction with Xenopus neuronal development involves
the Iroquois family of genes encoding repressors of neural differentiation (de la
Calle-Mustienes et al. 2002). Indeed, Xirol overexpression suppresses gadd45g
transcription, but this may be an indirect consequence of its induction of neuronal
repressors. In early Xenopus neural development, gadd45g expression prefigures
many territories where cells will stop dividing, and it is hypothesized that it links
cell-cycle arrest, neuronal differentiation, and notch signaling. In the neural plate,
cells expressing the notch receptor XDI1 escape lateral inhibition from nearby cells;
concurrent expression of gadd45g in these cells permits them to exit the cell cycle
and differentiate into neurons through a process likely dependent on cyclin and
cyclin-dependent kinases. Indeed, knockdown of Gadd45a and Gadd45g produced
growth arrest and upregulation of cell-cycle inhibitors p21, p15, and cyclin G1, as
well as p53 (Kaufmann and Niehrs 2011). In contrast, neighboring cells undergoing
notch signaling exhibit decreased expression of gadd45g and proneural genes, and
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these fail to undergo differentiation (Gohlke et al. 2008). Finally, it should be noted
that the phenotypes observed from single gene manipulation studies may belie the
full effect of the Gadd45 family because of compensatory autoregulation (Kaufmann
and Niehrs 2011).

6.3 Neuronal Lesions

The majority of studies of the Gadd45 genes in nervous system focuses on their
dynamic regulation and function in pathological states. Here, we review the role of the
Gadd45 family in conditions of ischemia, physical and chemical injury, neoplasm,
and seizure-associated excitotoxicity.

6.3.1 Ischemia

Early studies of Gadd45a in the brain argued for a key role in regulating neuronal
response to damage by conditions of low perfusion. In cases of global or localized
ischemia, oxygen and glucose deprivation result in ATP reduction and energy deple-
tion, and this often triggers excitotoxicity and cell death due to excessive glutamate
release and stimulation of intracellular calcium signaling (Taoufik and Probert 2008).
This condition is most prevalent in human stroke, and ongoing studies aim to uncover
the underlying aberrant signaling mechanisms and novel therapeutic avenues.

In a neonatal rodent model of focal ischemia involving unilateral, transient
occlusion of the common carotid artery, a well-delineated cortical infarct showing
characteristic molecular and morphological features of apoptosis is produced after
reperfusion (Charriaut-Marlangue et al. 1999). Gadd45a protein levels were ele-
vated in cortical layers II and III, but the most salient feature of this upregulation is
its association with cells that did not experience DNA fragmentation as evidenced
by the TUNEL stain. Furthermore, these cells were largely localized in the penum-
bra, the border of the infarct. In contrast, adjacent TUNEL-positive cells largely
failed to show upregulation of Gadd45a (Fig. 6.2). The authors posed that Gadd45a
plays a protective function in cells experiencing ischemic stress. However, this
expression may decrease once double-stranded DNA breaks become prevalent and
defy DNA repair mechanisms; these cells may then become committed to apopto-
sis. This model predicts that the growing infarct is always delineated by a Gadd45a-
positive border which demarcates the extent of cerebral damage and that the border
expands as damaged cells lose Gadd45a expression. Similarly, another study of
transient focal ischemia confirmed that Gadd45a mRNA increases broadly through-
out the ischemic cortex 4 h after the onset of damage but is restricted to the penum-
bra after 24 h (Jin et al. 1996). At both time points, Gadd45a protein is more
selectively expressed in sublethally injured cells of the penumbra. This also sug-
gests a pretranslational mechanism controls Gadd45a levels in association with
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Fig. 6.2 Expression of Gadd45a protein in the cortex after ischemia induced by unilateral MCA
occlusion in the neonatal rat. (a) After 24 h, Gadd45a was detected in layers II and III and largely
absent from the penumbra (P). (b) Double staining for Gadd45a immunoreactivity and TUNEL
assay performed at 48 h. Small arrows indicate TUNEL-positive nuclei, which are mostly local-
ized to the infarct (I) rather than the penumbra. Arrowheads delineate Gadd45a-positive cells in the
penumbra, suggesting a protective function of Gadd45a. Reproduced with permission from
Charriaut-Marlangue et al. (1999)

sublethal degrees of ischemic damage. In similar models, increases in Gadd45a
transcripts were found in pyramidal neurons, the principal excitatory units of the cor-
tex, at the edge of the infarct; additionally, this elevation was found in reversibly dam-
aged cells (Hou et al. 1997; Li et al. 1997b). Expression of the Gadd45 family in
relation to the survival rate of interneurons after ischemic damage, however, has not
been investigated. The pattern of Gadd45a expression broadly during induction of
neuronal damage and more focally during the recovery phase was replicated in a simi-
lar focal ischemia model (Schmidt-Kastner et al. 1998). Gadd45a expression was
most strongly associated with modestly damaged brain regions, suggesting a protec-
tive function. Even the dorsomedial cortex and dorsal hippocampus, regions spared
from damage, exhibited enhanced Gadd45a levels. These responses could represent a
prophylactic mechanism by cells sensing distant ischemic damage possibly because
of spreading waves of perifocal depolarization and resultant gene induction in unaf-
fected brain regions. Accordingly, in the hippocampus, forebrain ischemia produces
strong Gadd45a induction in apoptotic granule cells of the dentate gyrus but only
weak induction in largely necrotic CA1 pyramidal cells (Li et al. 1997a).

The hippocampus is still subject to ischemic damage in other rodent models and
shows similar patterns of Gadd45a induction, particularly 24 h after ischemia (Wang
et al. 2011). Additionally, in a model of transient global ischemia in the rodent
brain, Gadd45a transcripts were rapidly induced in the dentate gyrus and, shortly
afterwards, in the CA1 and CA3 subfields (Chen et al. 1998). Expression remained
elevated 24—48 h after ischemia only in CA1. Interestingly, while protein expression
was induced in all three regions, by 72 h, expression was reduced below baseline in
CAl. Similarly, neurons with double-stranded breaks failed to show Gadd45a
expression in the striatum and thalamus. This finding correlates with strong evidence
of DNA fragmentation at this time point, suggesting again that Gadd45a expression in
global ischemia plays a protective role after sensing DNA damage but is no longer
induced when cells, predominantly neurons, are largely damaged.
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Little is known of the molecular mechanisms by which the Gadd45 genes
potentially influence post-ischemia recovery. One study, however, points to NF-kB
in a model of neonatal hypoxia—ischemia (Nijboer et al. 2009). This transcription
factor regulates numerous target genes during inflammation and influences cell
death and survival. In ischemia, NF-kB inhibition protects the brain from injury and
blocks ischemia-induced upregulation of gadd45b. Since Gadd45b is known to
inhibit JNK signaling and subsequent activation of the transcription factor AP-1, the
authors speculate that Gadd45b mediates signaling between NF-kB and the JNK
cascade in association with cell survival (De Smaele et al. 2001). Indeed, inhibition
of INK abrogated the neuroprotective effect of NF-xB inhibition. However, a caus-
ative role of Gadd45b or Gadd45a, which similarly mediates MAPK signaling, in
cerebral ischemia has not yet been established.

Given this speculative role in recovery from ischemia, Gadd45b inhibition could
serve as a novel therapeutic target in stroke. However, one study which showed
cerebral ischemia induces gadd45b expression in the cortex contradicts this notion
(Liu et al. 2012). Electrical stimulation of the fastigial nucleus of the cerebellum
was found to induce further cortical Gadd45b expression, particularly in cell nuclei.
This treatment improved recovery from the injury as assessed by a motor task 1
month after the injury. This suggests a positive association between Gadd45b
expression and stroke recovery. Further studies are needed to delineate the precise
role of the Gadd45 genes in ischemic recovery and to investigate the therapeutic
potential of targeting their expression and function.

6.3.2 Neuronal Injury

Numerous studies have investigated expression patterns and functionality of the
Gadd45 family after neuronal lesions. Here, we summarize results pertaining to
both physical and chemical lesion models.

6.3.2.1 Physical Neuronal Lesions

A number of studies have assessed Gadd45 transcription in association with periph-
eral nerve injury in rodent models. Transection of the sciatic nerve (axotomy) has
been shown to induce gadd45a transcription robustly in dorsal root ganglion (DRG)
cells, the primary afferent stream for peripheral sensory information, days after the
injury (Costigan et al. 2002; Xiao et al. 2002; Befort et al. 2003; Lin et al. 2011).
Gadd45g is induced to a lesser extent, whereas gadd45b is only modestly upregu-
lated in the DRG, suggesting all three Gadd45 genes may mediate the injury
response but that Gadd45a plays the strongest role (Befort et al. 2003). Supporting
this hypothesis is the co-localization of Gadd45a transcripts with c-jun and ATF3,
markers of injury, in primary sensory neurons of the DRG as well as motor neurons
in the ventral spinal cord after sciatic nerve transection (Fig. 6.3). This is a surpris-
ing finding because these motor neurons and DRG cells have cell bodies located in
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Naive 1d Crush 4wk Crush 4wk SNT

Gadd45a

ATF3

Fig. 6.3 Expression of gadd45a mRNA in the dorsal root ganglion (DRG) after sciatic nerve
injury. Shown are sections of L4 DRGs from naive, 1 day or 4 weeks after crush injury sections.
Additionally, 4-week post-sciatic nerve transection (SNT) sections are displayed. Transcripts of
c-jun (top row), Gadd45a (middle row), and ATF3 (bottom row) are presented. One day after crush
injury, all markers are upregulated, and Gadd45a expression remains elevated when regrowth is
prevented (4 weeks transection with ligation). Gadd45a expression is downregulated in the DRG
when peripheral nerve regrowth after crush injury has completed (4-week crush). Scale bar,
200 pm. Reproduced with permission from Befort et al. (2003)

different regions, but both cell types have axons running in the periphery and the
ability to survive and regenerate following injury. Similarly, Gadd45a is induced
across all cell types broadly in the DRG after other peripheral nerve lesions such as
the more proximal spinal segmental nerve lesion and sciatic nerve crush. Likewise,
Gadd45a is upregulated after more distal lesions including chronic constriction of
the sciatic nerve and spared nerve injury in which the tibial and common peroneal
nerves are ligated and sectioned.

In contrast, a dorsal rhizotomy lesion involving transection of dorsal roots proxi-
mal to the DRG cell bodies only modestly induced Gadd45a, suggesting Gadd45a
plays different roles in transcriptional networks prompted by central and peripheral
injuries (Befort et al. 2003). Indeed, the dorsal rhizotomy spares axonal contact
between the periphery and DRG neurons and results in very little cell death and
biochemical changes in comparison to those spurred by peripheral damage. It is
interesting to note that injury-associated gadd45a induction in the DRG reverts to
its pre-injury, virtually undetectable baseline level when injured axons are allowed
to regrow and reinnervate peripheral targets. This reduction is not seen when repair
is physically impaired, and this suggests a retrograde signal from the target cells
attenuates gadd45a expression when the injury is repaired. Similarly, direct injury
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to the spinal cord enhanced the expression of cell-cycle regulators including
gadd45a, particularly in neurons (Di Giovanni et al. 2003). We also note the unique
role of Gadd45a expression after injury in that embryonic and postnatal DRG cells
do not express the gene at detectable levels (Befort et al. 2003). Hence, the injury-
induced response is truly a de novo phenomenon and not merely a recapitulation of
expression patterns in early ontogeny as is the case with other regeneration- and
survival-associated genes such as GAP-43 and Hsp27.

These models are clinically relevant in relation to molecular mechanisms of
neuropathic pain, defined as pain initiated by primary lesions or dysfunction of the
nervous system. Indeed, gadd45a is induced along with other cell-cycle and apop-
tosis regulators in the DRG following spinal nerve transection or ligation (Wang
et al. 2002; Xiao et al. 2002). However, one study challenges the notion that direct
injury to afferent sensory nerves is required for pain-associated transcriptional
programming; the authors examined the possibility that incisional pain induced by
skin lesions that spare nerve injury could induce regeneration-associated transcrip-
tion in the DRG (Hill et al. 2010). Indeed, DRG neurons innervating the affected
skin region exhibited moderately enhanced gadd45a expression. This effect likely
follows from sensitization of the neurons exposed to skin wound-related processes
and inflammation and suggests tissue injury even in the absence of direct nerve
injury can promote a state of enhanced growth capacity in sensory neurons. Gadd45a
may regulate this process. However, induced acute local inflammation failed to
upregulate gadd45a in the DRG cells innervating the corresponding peripheral site
(Befort et al. 2003). One explanation for this discrepancy is that inflammation alone
is insufficient to induce gadd45a; this reinforces the notion that gadd45a induction
reflects a highly regulated response to the presence and maintenance of peripheral
nerve injury and not merely the presence of cellular stress.

Recently, it has become clear that Gadd45a expression in the DRG not only
correlates with peripheral nerve injury but also mediates survival potential of the
afferents. After spinal nerve ligation, adult DRG cells remain largely intact and cor-
relate with strong Gadd45a mRINA and protein induction patterns, whereas neonatal
DRG cells, which show undetectable gadd45a expression, are highly susceptible to
cell death (Lin et al. 2011). Knockdown of Gadd45a in the DRG impairs survival and
promotes apoptosis after injury. Concomitantly, overexpression of gadd45a in vitro
protects DRG cells from nerve growth factor (NGF) withdrawal-induced apoptosis,
and this effect may be mediated by maintenance of anti-apoptotic Bcl-x; levels.

These studies of peripheral nerve lesion-induced gadd45a regulation suggest
that Gadd45a-regulated survival mechanisms may be a promising target of therapy
in neuropathic pain and denervation conditions. The utility of such therapy may not
be limited to neurons, though, as skeletal muscle similarly experiences a prolific
enhancement in gadd45a transcription after denervation (lower motor neuron loss)
or spinal cord injury (upper motor neuron loss) (Zeman et al. 2009). Accordingly,
the finding of Gadd45a elevation extends to other nerve injury models as well. After
optic nerve transection, both primary (initial lesion site) and secondary (regions
beyond the initial lesion site) neurodegeneration exhibits enhanced gadd45a tran-
scripts (Levkovitch-Verbin et al. 2011). Interestingly, elevated protein expression
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persists longer in the secondary region, a similar finding to the previously discussed
reports of Gadd45a elevation in the penumbra of tissue damaged by ischemia.
Elevation and nuclear translocation of Gadd45a and known binding partner PCNA
were also found in apoptotic cells, localized to the margins of the cortical contusion
and hippocampus, in a rodent traumatic brain injury model (Kaya et al. 1999).
These studies further support the protective role of Gadd45a after neuronal insult. It
is possible, however, that injury-related gadd45b expression plays an opposing role.
For instance, mice carrying a mutation that confers protection against Wallerian
degeneration, which involves fragmentation of axon segments separated from their
somas, myelin sheath segmentation, and removal of debris by Schwann and immune
cells, show reduced expression of gadd45b and other plasticity-associated genes
compared to wild-type mice after sciatic nerve lesion (Barrette et al. 2010). Still, a
causative role of Gadd45b in injury-related processes has not been established, and
altered expression is not necessarily functional. Collectively, these results strongly
implicate Gadd45a in the protection of neurons after physical nerve injury both
proximal and distal to the affected cells.

6.3.2.2 Neuronal Injury by Nonphysical Insults

Nerve damage results not only from physical insults such as trauma and skin inci-
sions discussed above but also from exposure to other environmental neurotoxins.
A number of reports document damage-associated regulation of the Gadd45 family.
Early studies, for instance, showed induction of gadd45a transcripts following
gamma irradiation exposure in various tissue including the brain (Yoshida et al.
1994, 1996). This confirmed previous reports of similar gadd45a upregulation
following ionizing radiation in vitro, including the original report identifying the
gadd45a gene in irradiated Chinese hamster ovarian cells (Fornace et al. 1988;
Papathanasiou et al. 1991). Irradiation-associated DNA damage is known to modulate
p53, and it is postulated that this mechanism is responsible for Gadd45a signaling
in response to cell damage (Yoshida et al. 1996).

Chemical injury associated with neuropathology produces similar induction
patterns. Neurodegeneration characterized by ataxia, paralysis, and axonopathy
follows from exposure to organophosphorus-ester chemicals, and a study of this
condition in hens found enhanced gadd45a and Bcl-2 expression in the cerebrum,
cerebellum, brain stem, and spinal cord (Damodaran et al. 2011). Enhanced gadd45g
expression was also associated with exposure to the environmental neurotoxin,
carbonyl sulfide, in the posterior colliculi, an especially susceptible brain region
that regulates auditory processing (Morrison et al. 2009). While few studies have
investigated damage-induced Gadd45g induction in the brain, it is likely to play a
similar role in cellular stress response as previously shown in chemical-, radiation-
and inflammation-associated induction in other cell lines (Zhang et al. 1999; Jung
et al. 2000). Chemical damage to the auditory system is also associated with altered
gadd45a expression. For example, salicylic acid, the main ingredient in aspirin,
impairs hearing at high concentrations; salicylic acid damaged spiral ganglion
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neurons and peripheral fibers in rodent cochlear organotypic cultures and induced
gadd45a in association with apoptosis (Wei et al. 2010). Its temporal expression
recapitulates the protective pattern found in ischemia and physical nerve lesion
studies in the auditory system in a model of noise-induced apoptosis in the cochlear
epithelium and lateral wall (Hu et al. 2009). Namely, gadd45a expression is
enhanced shortly after noise exposure but is reduced even below baseline after 1 week
during a broad proapoptotic response. Thus, gadd45a expression peaks when cells
are trying to stay alive but falls once they “give up” and enter apoptosis.

An alternative mechanism of chemical injury associated with altered Gadd45
signaling involves toxicity resulting from excessive neuronal activity. This can be
induced by pharmacological agents that boost excitatory, glutamatergic signaling or
impair inhibitory tone. For instance, quinolinic acid, an NMDA receptor agonist and
driver of neuronal activity, injected into the striatum produces DNA fragmentation,
p53 activation, and enhanced Gadd45a transcript and protein expression in the stria-
tum and cortex (Hughes et al. 1996). Gadd45a exhibited both rapid and prolonged
upregulation, and it is hypothesized to be regulated initially by immediate early
gene (IEG) transcription factors such as Fos and Jun-B and later by nuclear p53. In
a different model, enhancing glutamatergic signaling by chemical inhibition of glu-
tamate reuptake in the striatum prompted gadd45a expression (Lievens et al. 2000).
Enhanced transcripts were found in the periphery of the lesion after short-term
lesion, reflecting both neuronal and glial expression, but after long-term quinolinic
acid treatment, Gadd45a was only upregulated within the lesion core, composed
mostly of reactive astrocytes. These results suggest Gadd45a is associated with neu-
roprotection and preventing the core lesion site from expanding and that its protec-
tive effects may not be limited to neurons.

6.3.3 Neoplasia

An extensive literature characterizes the aberrant function and regulation of the
Gadd45 family in various cancers including pancreatic, hepatocellular, lung, cervi-
cal, and gastrointestinal carcinomas and different lymphomas (Tamura et al. 2012).
The gadd45 genes contain genetic or epigenetic alterations in these conditions.
Accordingly, the Gadd45 family has emerged as a potential target in antitumor
therapy including drugs that promote expression by upstream signaling control and
epigenetic regulation.

Studies examining the Gadd45 proteins in nervous system neoplasias have pre-
dominantly focused on pituitary adenoma, pilocytic astrocytoma, and medulloblas-
toma. Pituitary adenomas are monoclonal tumors and the most prevalent intracranial
neoplasms and present clinically in relation to the specific subclass of cells under-
going growth; these include cells that secrete prolactin, growth hormone, ACTH,
and gonadotropes. Postmortem analysis of human gonadotrope tumors revealed
substantially reduced Gadd45b and Gadd45g mRNA and protein but normal
Gadd45a expression (Zhang et al. 2002; Michaelis et al. 2011). Additionally, most
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nonfunctioning, growth hormone-secreting, and prolactin-secreting pituitary tumors
failed to show detectable Gadd45g transcripts whereas expression was found unani-
mously in normal pituitary tissue (Zhang et al. 2002). These reductions likely play
a functional role in tumorigenesis because overexpression of gadd45g in various
pituitary tumor lines and gadd45b in gonadotrope tumors attenuates colony forma-
tion in vitro. Gadd45b was also shown to promote apoptosis in gonadotrope cells.
These proteins likely act through common G1/S and G2/M growth arrest mecha-
nisms. However, their upstream regulation is unclear, as p53 gene mutations are not
common and NF-xB is not upregulated in pituitary tumors (Michaelis et al. 2011).
Additionally, these mechanisms exhibit cell origin-specificity, as ACTH-releasing
tumors demonstrated a slight upregulation, not reduction, of gadd45b.

Although Gadd45a has not been shown to modulate pituitary neoplasms, its
expression is enhanced in pilocytic astrocytoma tissue (Jacob et al. 2011). These
low-grade, sporadic tumors predominate childhood CNS neoplasms and tend to
affect the cerebellum and optic nerve pathways. Altered MAPK activation in pilo-
cytic astrocytomas is thought to drive senescence, a hallmark of these tumor cells.
Gadd45a and other senescence markers are speculated to drive this activity; of note,
Gadd45a has been shown to promote MAPK-induced senescence in skin cancer
(Hildesheim et al. 2002).

Altered Gadd45a signaling has also been implicated in cerebellum-originating
medulloblastoma, the most common malignant CNS tumor in children (Chou et al.
2001; Asuthkar et al. 2011). In tumor cells, NGF causes apoptosis by binding the
receptor, TrkA, and this interaction is necessary for coincident NGF-induced
gadd45a expression (Chou et al. 2001). Mutations in TrkA that block apoptosis also
abolish gadd45a induction, providing correlational evidence that Gadd45a regu-
lates NGF-induced apoptosis. This study intriguingly supports evidence for an
entirely novel pathway for Gadd45a regulation by NGF; NGF-induced ERK, p38, and
JNK activation (all MAPK proteins) is similar in medulloblastoma and pheochromo-
cytoma lines in which NGF produces opposite effects on apoptosis. Additionally, p38
was shown to be unnecessary for NGF-induced apoptosis in medulloblastoma cells.
This suggests some CNS tumor lines harbor different mechanisms of gadd45a regula-
tion that do not necessary rely on p53 and MAPK signaling. One possibility is a
pathway mediated by the medulloblastoma-associated tumor suppressor gene,
PATCHED1, and Sonic hedgehog signaling (Kappler et al. 2004).

Medulloblastoma cells also appear to utilize novel Gadd45a-dependent mecha-
nisms in association with radiation exposure (Asuthkar et al. 2011). Radiotherapy
attenuates tumor growth but also activates sporadic recurrences in part by activating
matrix metallopeptidase (MMP)-9, which helps dissolve extracellular matrix to aid
in cell migration (Goc et al. 2013). IR-induced growth arrest in cultured medullo-
blastoma cells was associated with enhanced expression of Gadd45a and its binding
partner, Cdc2, and Gadd45a was shown to promote arrest and apoptosis (Asuthkar
etal. 2011). The Gadd45a—Cdc2 interaction is likely important for growth arrest in
these cells as was in colon carcinoma cells (Jin et al. 2000). Gadd45a overexpres-
sion blocked invasion potential of irradiated medulloblastoma cells and reduced
MMP9 expression in vitro and in vivo (Asuthkar et al. 2011). Gadd45a also
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promotes p53 activation and modulates the membrane expression of B-catenin and
its binding partners E- and N-cadherin. This effect on transmembrane proteins likely
affects invasion potential by regulating cell-cell contact. Together these findings
implicate Gadd45a as a critical regulator of tumorigenesis that acts through diverse
signaling pathways affecting cell growth, apoptosis, and cell—cell interaction.

6.3.4 Seizures

We previously discussed the involvement of the Gadd45 family in excitotoxicity
induced by chemical lesions. Related to these findings are a number of studies docu-
menting altered expression of these genes in association with seizures. Here we review
these results, highlighting the neuroprotective role of these genes in excitotoxic
conditions.

Seizures are defined as brief behavioral changes in response to abnormal,
synchronized, and repetitive burst activity of neuron populations, and epilepsy is
characterized as a syndrome of recurrent, spontaneous seizures (Shin and McNamara
1994). Partial seizures emanate from a localized brain region whereas generalized
seizures exhibit diverse, bilateral activity. Excessive glutamatergic signaling char-
acterizes seizure activity and associated necrotica, apoptotic, and autophagic cell
death (Wang and Qin 2010). Aberrant downstream mechanisms include intracellu-
lar calcium homeostasis, free radical production, kinase and protease activity, tran-
scription factor activity, and IEG activation.

Human temporal lobe epilepsy, in which excitotoxic cell death appears in the
limbic system and related structures, is commonly modeled in the rodent by kainate
treatment (Zhu et al. 1997). Kainic acid (KA) activates a subclass of glutamate
receptors and likely produces excitotoxicity by inducing sodium influx, depolariza-
tion and subsequent activation of NMDA receptors, and calcium influx. KA toxicity
is associated with apoptosis and autophagy more than necrosis which often follows
NMDA receptor-mediated cell death (Wang and Qin 2010). Subcutaneous KA
injection was shown to induce Gadd45a expression in the parietal and piriform
cortex, hippocampus, striatum, and thalamus, and focal intra-amygdala KA simi-
larly induced expression in the limbic system, thalamus, and cortex (Zhu et al. 1997,
Henshall et al. 1999). Moreover, intracerebral KA induced gadd45a expression in
the hippocampus (Choi et al. 2011). Transcript expression was largely localized to
neurons, and enhanced protein expression was also confirmed (Zhu et al. 1997).
Moreover, both studies showed evidence of DNA fragmentation and apoptosis,
especially in the CA3 subfield. Gadd45a transcription after subcutaneous KA is
initially widespread but later remains elevated only in vulnerable regions. However,
these regions exhibit decreased Gadd45a protein levels that coincide with the extent
of neurodegeneration, suggesting that dying cells experience a translational block of
Gadd45a as with other cell survival genes (Zhu et al. 1997). Amygdala-evoked seizures
produced cell death and DNA fragmentation only in CA3 even though gadd45a
transcription was widespread (Henshall et al. 1999). Still, transcript expression
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was highest in CA3; these findings reinforce the conclusion that cells upregulate
gadd45a in response to insults in an effort to remain viable but that translation may
eventually be impaired as cells commit to apoptosis. KA-induced gadd45a induction
may occur in part through p53 signaling, but p53 is only activated in vulnerable
regions after systemic KA (Zhu et al. 1997). Alternatively, KA-induced DNA modi-
fication in the form of 8-hydoxyl-2-deoxyguanosine may spur gadd45a expression
as previously shown (Henshall et al. 1999).

Nevertheless, as with other forms of neurotoxicity, glutamate-driven gadd45a
expression plays an ambiguous role in cell survival. In murine hippocampal cultures,
for instance, glutamate treatment induces Gadd45a mRNA and protein expression
in association with cell death, but knockdown of Gadd45a or p53, which is also
phosphorylated by the treatment, rescues cell viability (Fig. 6.4) (Choi et al. 2011).
However, this cell line lacks ionotropic glutamate receptors but is still subject to
oxidative neurotoxicity. Accordingly, inhibition of reactive oxidative species signaling
prevented glutamate-induced gadd45a induction. This study also provides evidence
for a cell death model in which glutamate signaling induces oxidative species which
then activates the MKK4-JNK-p53 pathway, triggering gadd45a transcription and
apoptosis. It appears, therefore, that Gadd45a promotes cell death under certain
conditions such as oxidative stress but may prevent excitotoxic cell death in vivo, a
scenario that likely drives its expression through multiple pathways including non-
p53 signaling. At a molecular level, however, it is still unclear what characterizes
the protective or death-inducing role of Gadd45a.

In contrast, Gadd45b and Gadd45g appear to play a less equivocal role in neuro-
nal survival after excitotoxic insults. In hippocampal neurons, cAMP response
element-binding protein (CREB), a key mediator of synaptic activity-dependent
gene expression, promotes expression of both of these genes and coincidently con-
fers protection against excitotoxic cell death (Tan et al. 2012). Synaptic neuronal
activity exerts a neuroprotective effect against future insults in part through regula-
tion of a class of activity-regulated inhibitor of death (AID) genes including gadd45b
and gadd45g (Zhang et al. 2009). Glutamate-driven calcium signaling activates
nuclear calmodulin-dependent protein kinase IV (CAMKIV), a critical mediator of
CREB-dependent transcription of AID genes after periods of action potential burst-
ing. Indeed, manipulations of gadd45b and gadd45g confirmed that these genes
confer protection against chemically and growth factor withdrawal-induced cell
death in vitro and mediate activity-dependent resistance to cell death. Moreover,
these genes ameliorate KA-induced hippocampal cell death in vivo. However,
expression of the Gadd45 proteins may not always change, as KA-induced seizure
preconditioning, a protective paradigm against future insults, failed to induce
Gadd45b protein in the hippocampus (Miller-Delaney et al. 2012).

In adult rodents, seizures are associated with enhanced neurogenesis in the den-
tate gyrus, a unique niche of postnatal mitosis in the CNS (Naegele 2009). However,
a consequence of hyperactivity-driven neurogenesis is that newborn neurons fail to
integrate normally into granule cell layer targets and instead migrate to ectopic loca-
tions in the hilus; improper hippocampal rewiring often spurs hyperexcitability and
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Fig. 6.5 Essential role of Gadd45b in activity-associated phenotypes in the adult CNS. (a—c)
Wild-type and gadd45b-null mutant mice were injected with retroviruses expressing GFP to label
adult-generated neural progenitors and their progeny. A single episode of electroconvulsive treat-
ment (ECT) or sham treatment was given after 3 days, and dendritic morphology was assessed 14
days after virus injection. Mean dendritic length and dendritic complexity were impaired in knockout
mutants after ECT but not in naive mice. (d) Wild-type and gadd45b-null mutants were subjected
to one of three background contextual fear conditioning paradigms of increasing robustness.
Mutants exhibited heightened contextual fear memory 24 h after training, and this phenotype was
most pronounced after mild conditioning. Reproduced with permission from Ma et al. (2009) (a—c)
and Sultan et al. (2012) (d)

In sections b and ¢, * means p < 0.01; In d, * means p < 0.05

epileptogenesis. Seizures were found to upregulate gadd45g and, more so, gadd45b
in the dentate gyrus granule cell layer (Ma et al. 2009). Furthermore, Gadd45b
knockdown or knockout impaired activity-driven proliferation of neural progenitors
and dendritic development of newborn neurons (Fig. 6.5a—c). Together, these
findings show Gadd45b and Gadd45g are especially critical in periods of hyperex-
citability in guarding against cell death and, in the case of Gadd45b, postnatal mitosis
and development.

6.4 Cognitive Neuroepigenetics

In the preceding discussion, we focused on mechanisms of the Gadd45 family in a
host of conditions of cell proliferation and injury in the nervous system. Here we
focus on the relatively recently appreciated contribution of the Gadd45 family to the
emerging field of cognitive neuroepigenetics (Day and Sweatt 2010). The most
salient difference between these and the previously discussed mechanisms is their
function in normal, senescent adult neurons rather than those undergoing pro-
grammed cell death or proliferation. Neuroepigenetic mechanisms have instead
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been studied most exquisitely in relation to plasticity-associated mechanisms in
neuronal function.

The term “epigenetics” was coined by Conrad Waddington who speculated that
a landscape of pretranscriptional mechanisms mediates gene—environment interac-
tions which control the phenotype of the cell. Epigenetic mechanisms were tradi-
tionally defined as heritable alterations in a chromosome that affect gene expression
without affecting the underlying DNA sequence (Berger et al. 2009). A number of
distinct molecular mechanisms fit this definition, but posttranslational modifications
of histones and DNA methylation are considered the two canonical epigenetic
phenomena.

In the nucleus, DNA is packaged in an elegant, hierarchical fashion. The first
layer of compaction involves demarcation of nucleosomes, each of which is com-
prised of 147 bp of DNA wrapped around an octomer of histone proteins and a
linker region with variable length in accordance with cell type and organism (Sadeh
and Allis 2011). Nucleosomes are organized in nonrandom, regularly spaced arrays
throughout the genome, and complex molecular regulators of nucleosome position-
ing and density are potent mediators of cis-acting transcriptional dynamics. Core
histone units are composed of central globular domains and projecting N-terminal
tails which bear several residues subject to modification by acetylation, phosphory-
lation, methylation, ubiquitination and ADP-ribosylation (Sultan and Day 2011).
A number of residue-specific “writer” and “eraser” enzymes corresponding to these
marks have been characterized; likewise, “reader” proteins help translate the mark
into an enhancement or suppression of transcription (Maze et al. 2013).

In addition to core histones and regulatory DNA-binding proteins, DNA itself
also constitutes chromatin and can undergo covalent modification (Day and Sweatt
2011). Epigenetic DNA methylation usually refers to the addition of a methyl group
to the 5’ position on a cytosine ring. Usually the target cytosine is followed by a
guanine, termed a “CpG site.” CpG sites occur at a lower frequency than statistically
expected and tend to cluster in regions called “CpG islands,” spans of DNA contain-
ing a high frequency of CpGs that are largely unmethylated. This is unsurprising, as
CpG islands tend to exist at promoter regions of active genes, and DNA methylation
usually (although not exclusively) represses transcription. DNA methylation is cata-
lyzed by DNA methyltransferase enzymes, DNMT1, DNMT3a, and DNMT3b in
adults (Grayson and Guidotti 2013). DNMT1 maintains DNA methylation in hemi-
methylated DNA strands after cell division so that complementary CpGs both carry
the methyl mark. DNMT3a and DNMT3b catalyze de novo methylation by single
carbon transfer from S-adenosylmethionine (SAM) to unmethylated cytosines.
Methylcytosine readers include numerous methyl-binding domain (MBD) proteins
that facilitate a transition of local chromatin to a transcription-permissive state or
repress it (Chahrour et al. 2008; Grayson and Guidotti 2013). Methylated cytosines
can be passively demethylated after cell division if DNMT1 activity is suppressed,
but reversing methylation in senescent cells, termed “active DNA demethylation,”
remains a vexing question and subject of future research (Wu and Sun 2009).
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6.4.1 Memory

Memory formation proceeds in a sequence of steps of increasing stability after the
learning event (Miyashita et al. 2008). During consolidation, a hippocampus-
dependent process for certain types of learning paradigms, information progresses
beyond the initially labile phase into a long-term, stable trace. Both consolidation
and maintenance, a cortical event, rely on a diverse array of orchestrated de novo
gene transcription (Sweatt 2009). This well-replicated finding motivated a number
of studies that implicate dynamic histone modifications in memory formation (Day
and Sweatt 2011). Contextual fear conditioning, for instance, induces global
changes in both permissive and repressive marks including H3K9 dimethylation,
H3K4 trimethylation, H3S10 phosphorylation, and numerous H3 and H4 acetyla-
tion events (Chwang et al. 2006; Gupta et al. 2010; Peleg et al. 2010). Of particular
interest clinical interest is the memory-boosting effect of inhibiting histone deacety-
lase complex (HDAC) 2 in hippocampus-dependent memory (Levenson et al. 2004;
Guan et al. 2009).

Persisting molecular signatures are theoretically required for memory trace sta-
bilization; the need to identify such mechanisms that defy erasure during normal
neuronal metabolism prompted investigations into the role of DNA methylation,
long thought to be a stable epigenetic mark, in memory formation (Day and Sweatt
2010). Active methylation in the hippocampus was indeed shown to regulate fear
memory consolidation and synaptic potentiation, a cellular correlate of behavioral
memory (Levenson et al. 2006; Miller and Sweatt 2007; Feng et al. 2010). Although
gene-specific methylation and demethylation events were found after training, these
marks reverted to baseline levels after 1 day, suggesting hippocampal methylation
dynamics do not modulate memory persistence (Miller and Sweatt 2007).
Additionally, active demethylation of genes including reelin and bdnf, active mem-
ory regulators, spurred the hunt for a demethylation signaling cascade (Miller and
Sweatt 2007; Lubin et al. 2008).

Gadd45a was then implicated in active DNA demethylation of exogenous genes
including the Oct4 promoter in an in vitro system, but this finding remains equivo-
cal (Barreto et al. 2007; Jin et al. 2008). In the nervous system, robust induction of
Gadd45b expression was similarly implicated in activity-induced DNA demethyl-
ation of the fibroblast growth factor (FGF)-1B and BDNF exon IXa promoters in the
dentate gyrus (Fig. 6.6a) (Ma et al. 2009). Moreover, induction of the corresponding
genes was impaired in Gadd45b-null mice, suggesting Gadd45b-mediated demeth-
ylation functionally regulates gene transcription. Importantly, seizure induction did
not produce significant cell death or excitotoxicity in wild-type or mutant mice.
Therefore, the effects of Gadd45b deletion are likely to reflect only plasticity-related
induction of trophic factors by mature granule cells rather than seizure-associated
reductions in cell viability.

The characterization of Gadd45b as a hippocampal IEG that facilitates epigene-
tic regulation of BDNF encouraged studies of Gadd45b in hippocampus-dependent
memory. Indeed, gadd45b and gadd45g but not gadd45a transcripts were found to
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Fig. 6.6 Gadd45b regulates active DNA demethylation in an activity-associated manner. (a) Wild-
type and gadd45b-null mutant mice were subjected to ECT or sham treatment. After 4 h, demeth-
ylation was found at the transcriptional start sites of BDNF exon IX and FGF-1B genes by sodium
bisulfite sequencing of dentate gyrus tissue. Normal baseline DNA methylation was found between
genotypes, but knockouts were impaired demethylation after ECT. (b, ¢) Schematics of the
putative cytosine demethylation mechanism. DNMT enzymes catalyze single carbon transfer to
produce 5-methylcytosine (SmC). The ten-eleven-translocase (TET) family of enzymes catalyze
oxidation to 5-hydroxymethylcytosine (ShmC). TET1, TET3, and DNMT1 contain —CXXC-
domains which bind clustered, unmethylated CpG dinucleotides. Oxidative deamination of ShmC
to 5-hydroxymethyluridine (ShmU) may occur through the AID (activity-induced cytidine deami-
nase)/APOBEC (apolipoprotein B mRNA-editing catalytic polypeptide) family of deaminases.
Subsequently, the uracil-DNA glycosylase (UDG) family including thymine-DNA glycosylase
(TDG, MBD4) and single-strand-selective monofunctional uracil-DNA glycosylase 1 (SMUG1)
are thought to process ShmU through a base-excision repair (BER) mechanism. Additional inter-
mediates such as 5-formylcytosine and 5-carboxylcytosine may be generated as well. Gadd45b
may facilitate this process although the mechanism is unknown. Reproduced with permission from
Ma et al. (2009) (a) and Grayson and Guidotti (2013) (b, ¢)

be upregulated following fear memory learning in the hippocampus and amygdala
(Leach et al. 2012; Sultan et al. 2012). Both transcripts were also induced by potassium
depolarization and tetrodotoxin withdrawal, a means of inducing quasi-synchronous
activity, in neuron cultures (Saha et al. 2011; Sultan et al. 2012). Furthermore,
Gadd45b-null mutants were found to exhibit enhanced hippocampus-dependent
fear and spatial memory and long-term synaptic potentiation (Sultan et al. 2012).
In particular, these enhancements were most prominent in conditions of mild behav-
ioral and synaptic activity, suggesting Gadd45b regulates the threshold for memory
formation but not capacity (Fig. 6.5d). Furthermore, mice performed normally in
most baseline behavioral tasks and a test of amygdala-dependent fear memory,
suggesting Gadd45b primarily functions in hippocampus-dependent tasks. One study,
however, found contextual fear memory deficits in mutants (Leach et al. 2012).
These conflicting results may reflect differences in task parameters or epigenome—
genome interactions during backcrossing. Still, these studies agree that Gadd45b
selectively regulates hippocampus-dependent memory.
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The breadth of loci targeted by Gadd45b for epigenetic regulated is largely unknown
and a subject for future investigation (Fig. 6.7c). A large number of putative of targets
exist, as synchronous neuronal activation was shown to modulate methylation in over
1 % of CpGs assessed throughout the genome (Guo et al. 2011a). In this model,
Gadd45b was found necessary for active demethylation for candidate sites including
CREB-binding protein (CBP), a critical memory-associated transcription factor and
epigenetic regulator itself, and Gripl, an AMPA receptor-binding protein necessary
for synaptic depression. Further investigation is also needed to address the potential
contributions of Gadd45a and Gadd45g to memory-related signaling.

An understanding of molecular epigenetic dynamics requires an appreciation for
extensive cross-talk between canonical mechanisms, especially DNA methylation,
histone acetylation, and histone methylation (Kondo 2009; Brinkman et al. 2012).
These horizontal interactions along with complex, sequence-specific, and activity-
tuned functions of epigenetic writers and erasers engender unique permutations of
epigenetic signatures at gene regulatory regions. The possibility that these permuta-
tions selectively drive changes in local transcription defines the “epigenetic code,” a
speculative concept that is the subject of current investigation (Day and Sweatt
2011). In memory consolidation, Gadd45b may play a significant role in neuronal
epigenetic coding. For instance, mice treated with an HDAC inhibitor showed
enhanced fear memory and a trend towards reduced gadd45b expression (Vecsey
et al. 2007).

A recent finding of great interest is the discovery that 5-hydroxymethylcytosine
(5hmC) is present at considerable frequency in the genome of principal cerebellar
nuclei (Kriaucionis and Heintz 2009). Catalyzed by the ten-eleven translocase
(TET) protein family, ShmC is formed by hydroxylation of SmC and is present at
particularly high levels in the brain (Khare et al. 2012). Its function is not fully
understood, but there is evidence that ShmC represents an oxidated intermediate in
active demethylation of SmC in neurons (Guo et al. 2011b). The conversion of SmC
to ShmC may be followed by BER immediately or after conversion of ShmC to
5-hydroxymethyluracil (5hmU) by the activation-induced deaminase (AID) and
apolipoprotein B mRNA-editing enzyme complex (APOBEC) family of deami-
nases (Bhutani et al. 2010; Guo et al. 2011b). Gadd45a and Gadd45b are involved
in BER of mutated cytosines and may act similarly in neurons (Liebermann and
Hoffman 2008; Rai et al. 2008). As evidence of this hypothesis, Tetl and APOBEC
regulate seizure-induced demethylation and upregulation of BDNF IX and Fgf-1B,
known Gadd45b-binding targets (Ma et al. 2009; Guo et al. 2011b). Gadd45b may
therefore coordinate the conversion of ShmC to unmethylated cytosine by recruiting
deaminase and BER factors (Fig. 6.6b, c). Alternatively, at some loci, a direct
mutation-BER route may bypass ShmC. Finally, an interesting finding is that DNA
methylation itself appears to control expression of the gadd45 genes in cancer
(Tamura et al. 2012). Should a similar mechanism mediate expression in the brain,
this would imply the gadd45 genes function in a complex, epigenetic positive or
negative feedback loop in association with cognitive processing. Future studies are
needed to investigate these possibilities in periods of high neuronal activity.
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6.4.2 Autism

Spatial memory assessment of Gadd45b-null mice in the Morris water maze task
revealed a surprising finding; in a control, pretraining phase, mice are taught to
associate a visible flag with the escape platform. Although mutant and wild-type
mice learned the task rapidly, mutants exhibited significant aversion to swim
towards the flag in initial trials (Sultan et al. 2012). Since mutants did not show
impairments in swim speed or other performance factors, we surmised that mutants
bear a mild neophobia phenotype. As neophobia is associated with autism spectrum
disorders, Gadd45b may plausibly regulate autistic features (Patterson 2011).
Autism disorders are characterized by pathological neurodevelopment, and patients
present with deficits in social interaction and cognition, aberrant communication
and language skills, and stereotyped behaviors (Nguyen et al. 2010). A microarray
study revealed elevated gadd45b transcripts in the superior temporal gyrus of autis-
tic patients (Garbett et al. 2008). Studies have also uncovered dysregulation of DNA
methylation in lymphoblastoid cells and histone methylation prefrontal cortex neu-
rons in autistic patients (Nguyen et al. 2010; Shulha et al. 2012). The functionality
of Gadd45b in autistic behavior and epigenetically targeted loci has yet to be uncov-
ered. Potential autism-associated genes include SHANK3, which encodes a synap-
tic scaffolding protein, and neuroligin3, which encodes a neuronal transmembrane
signaling protein; furthermore, both are sensitive to DNA methylation (Guo et al.
2011a; Uchino and Waga 2013). Additionally, serum BDNF is reduced in patients
(Hashimoto et al. 2006; Abdallah et al. 2013).

6.4.3 Alzheimer’s Disease and Aging

Aging is associated with oxidative stress, altered calcium homeostasis, chromo-
somal abnormalities, deficits in DNA repair, and nuclear and mitochondrial damage
(Irier and Jin 2012). These features accelerate neurodegeneration and probably
mediate age-related cognitive decline, most notably in Alzheimer’s disease (AD).
AD patients suffer from debilitating deficits in memory, decision-making, and
language. Age is the strongest risk factor for developing AD, and it is likely that AD
and aging are sensitive to disturbances in overlapping molecular pathways.

The deposition of extracellular plaques of amyloid B-peptide (Ap) in the brain is
a hallmark pathological feature of AD (Lambert et al. 1998). In a human preneuron
cell line, AP exposure induced DNA damage and robust gadd45a expression, sug-
gesting gadd45a is sensitive to genotoxic stress in AD and mediates a repair
response as in the previously discussed injury models (Santiard-Baron et al. 1999,
2001). AD patients’ brains also exhibit enhanced Gadd45a and Bcl-2 expression in
DNA-damaged cells (Torp et al. 1998). Gadd45a also appears to confer protection
against DNA damage-induced apoptosis. However, in a study of skin fibroblasts,
which show impaired oxidative metabolism in AD, oxidative stress applied to
patient cells produced less cell death than in control cells (Uberti et al. 2002).
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Additionally, while normal cells showed stress-induced Gadd45a and p53 protein
upregulation, AD cells showed a blunted response. These findings suggest Gadd45a
regulates DNA damage-associated stress responses in AD, but its net effect on cell
viability may vary by cell type and treatment paradigm.

Future studies of the Gadd45 proteins in AD may focus on epigenetic mecha-
nisms. Indeed, global DNA methylation in the cortex is reduced in AD patients, and
5mC levels inversely correlate with neurofibrillary tangles, a canonical intracellular
hallmark of AD pathology (Mastroeni et al. 2010). Similarly, 5ShmC was shown to
be enriched in pathways associated with age-related neurodegeneration (Song et al.
2011). Site-specific alterations in methylation of disease-related genes have also
been documented in apolipoprotein E (APOEe4) in patients and presenilin 1
(PSENI1) in a mouse model (Wang et al. 2008; Fuso et al. 2012). Similarly, altered
histone modifications are associated with AD, and enhancement in histone acetyla-
tion alleviates memory deficits (Francis et al. 2009; Kilgore et al. 2010; Stilling and
Fischer 2011; Sultan and Day 2011; Griff et al. 2012). In addition, HDAC inhibitors
are speculated to boost cognitive function in a number of neurodegenerative disease
states (Griff and Tsai 2013). In light of the procognitive and epigenetic roles of
Gadd45b in memory and dysregulation of one-carbon transfer pathways in AD, the
Gadd45 family and associated active demethylation regulators may emerge as a
second class of targets in neuroepigenetic pharmacotherapy (Fuso and Scarpa 2011;
Sultan et al. 2012). The protective function of the Gadd45 genes in excitotoxicity
discussed above may also mediate broader protection against neurodegeneration;
accordingly, aberrant neuronal excitation is present in numerous disease states
including AD (Mehta et al. 2013).

The role of the Gadd45 proteins in stress responses spurred investigations into
their role in aging. In fruit flies, expression of the Gadd45a ortholog (D-GADD45)
is reduced in the nervous system with age, and overexpression of the gene in the
nervous system prolongs life span (Plyusnina et al. 2011, 2012; Moskalev et al.
2012). The longevity phenotype is likely conferred by more efficient DNA repair as
evidenced by reduced spontaneous DNA aberrations in overexpressing mutants.
Importantly, overexpression of gadd45a does not affect fecundity or motor behav-
ior, suggesting the gene selectively attenuates the metabolic effects of aging.
Moreover, gadd45a is upregulated in response to thermal, oxidative, and food depri-
vation stressors and regulates the effects of stress on longevity (Moskalev et al.
2012). Flies with gadd45a mutations also exhibited impaired hormesis, in which
preexposure to low-dose radiation attenuates the life span reduction caused by sub-
sequent high-dose radiation. Gadd45a likely acts through damage control mecha-
nisms similar to those described previously, including the MAPK cascade, apoptosis
pathways, and oxidative damage signaling. However, it is reasonable to speculate
that the Gadd45 proteins also affect aging-related epigenetic changes. Indeed, a
plethora of studies have investigated DNA methylation changes in human aging
(Johnson et al. 2012). Methylation profiles of whole blood may even serve as a bio-
marker reflecting advancing age and age-related disease states (Hannum et al. 2013).
Additional studies are needed to delineate the potential contribution of the gadd45
genes to age-associated epigenetic drift.
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6.4.4 Psychosis

Major psychosis refers predominantly to schizophrenia (Sz), a neurodevelopmental
disorder characterized by multiple symptom types, and bipolar disorder (BP), a con-
dition of bouts of mania and depression (Peedicayil 2011; Grayson and Guidotti
2013). Sz affects up to 1 % of the global population and usually produces clinically
notable impairments in late adolescence and early adulthood (Lewis and Sweet
2009). Sz patients present with three categories of symptoms. Positive symptoms
include delusions, rigidly held false beliefs, hallucinations and other perceptual dif-
ficulties, aberrant thought, and psychomotor activity in the form of disorganized
behavior, posturing, and catatonia, a condition of severely altered motor function
(Lewis and Sweet 2009). Negative symptoms include social withdrawal, impaired
volition, disturbed affect, poverty in speech, and anhedonia (impaired ability to
experience pleasure). Cognitive symptoms reflect dysfunction in selective attention,
working and episodic memory, executive function, language, and social and emo-
tional processing. These are considered the most significant clinical features of Sz,
occurring for longer periods of time than positive symptoms in patients. The degree of
cognitive impairment is also the most accurate indicator of prognosis. SZ comorbidi-
ties include depression, emotional disability, cardiovascular disease, substance abuse,
and heightened risk of suicide. Affected individuals’ families are likely to experience
emotional distress, and the disease is associated with substantial economic effects due
to lost productivity and medical expenses.

Studies of schizophrenia pathophysiology show that alterations in cortical circuit
function largely underlie the clinical features of the disease. SZ is accordingly asso-
ciated with diminished cortical neuropil and pyramidal neuron spine density and
soma volume (Akbarian et al. 1995; Kolluri et al. 2005). Changes in the function of
interneurons, the principal regulators of inhibition in the brain, have also been asso-
ciated with Sz (Lewis 2012). Interneurons broadly modulate circuit tone and syn-
chronized oscillations, which are thought to contribute to normal cognitive function
and are altered in psychosis, by releasing the inhibitory neurotransmitter gamma-
aminobutyric acid (GABA) (Gonzalez-Burgos et al. 2010). A collection of studies has
confirmed that transcription of glutamic acid decarboxylase (GADG67), the primary
enzyme responsible for GABA production, is reduced in cortices from patients
(Spencer et al. 2003; Ford et al. 2007; Gonzalez-Burgos et al. 2010; Lewis 2012).
The consequent impairment in inhibitory tone is likely a factor in symptoms such as
memory impairment and hallucinations.

A growing collection of studies have investigated alterations in epigenetic pro-
gramming in association with major psychosis, and it is in this context that aberrant
Gadd45 signaling has been hypothesized to modulate the disease phenotype
(Peedicayil 2011). These have been predominantly assessed in cortex biopsies from
patients. Utilizing a candidate gene approach, these have robustly uncovered altera-
tions in DNA methylation in promoters of reelin and gadl, the gene encoding
GADG67, in relation to psychosis. For example, one study found enhanced DNMT1
and reduced reelin transcription in Sz cortex (Veldic et al. 2004). Notably, DNMT1
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protein co-localizes with Reelin, but transcription of each respective gene was
almost exclusively localized to interneurons. Enhanced DNA methylation in the
reelin gene promoter was also found in Sz brains (Abdolmaleky et al. 2005; Grayson
et al. 2005). Although it is unclear whether this epigenetic mark directly influences
transcription in the Sz cortex, it is interesting to note that higher methylation was
found in close association with a putative cycle AMP response element and stimu-
lating protein-1 site in the reelin promoter. In light of the localization of Reelin to
GABAergic interneurons and its role in the integrity of the extracellular matrix,
the neuropil and synaptic plasticity, studies have also sought to examine GAD67
epigenetic regulation in order to dissect a broader function link between epigenetic
dysfunction and GABAergic tone. For example, the fastest spiking interneurons in
the cortex, those in layers I, II, and IV, also contain the highest DNMT1 transcripts,
suggesting a positive association between DNA methylation and GABAergic tone
(Veldic et al. 2004). Additionally, GAD67 transcription negatively correlates with
DNMT]1 transcription in psychotic patient cortices (Veldic et al. 2005). To the
contrary, one finding suggests demethylation of gad/ may be noncanonically asso-
ciated with downregulation of GAD67 or that other gene regulatory elements out-
side the promoter may be more critical in modulating expression (Huang and
Akbarian 2007).

Still, the finding of aberrant methylation in Sz suggests Gadd45 function may
affect neural tone alterations in patients. Two studies in particular have examined
this hypothesis. The first assessed DNA methylation dynamics in response to altered
activity of metabotropic glutamate receptors (mGlu), as activation of the group II
subclass (composed of types mGlu2 and mGlu3) attenuates presynaptic glutamater-
gicactivity, and agonists have been associated with antipsychotic effects (Matrisciano
et al. 2011). The study first found enhanced gadd45b and gadd45g mRNA and
Gadd45b protein expression in the frontal cortex of naive mice in response to a
single or repeated doses of systemic mGlu2/3 activation. Both VPA, a weak HDAC
inhibitor, and the atypical antipsychotic clozapine but not the typical antipsychotic
haloperidol similarly induce gadd45b transcription, suggesting Gadd45b may play
arole in certain form of antipsychotic therapy. Because Gadd45b was shown to bind
bdnf exon IX and fgf-1B promoters in association with activity-induced demethyl-
ation (Ma et al. 2009), the authors examined possible binding to reelin, bdnf exon
IX, and gadl promoters after mGlu2/3 activation. Enhanced binding was confirmed
along with active demethylation of each of these promoters following methionine-
induced hypermethylation. VPA and clozapine similarly reduced reelin baseline
methylation as well as the methionine-induced hypermethylated promoter.

The second study analyzed cortical tissue from psychotic subject from two brain
banks (Gavin et al. 2012). The study found selectively reduced Gadd45b recruit-
ment in the proximal promoter but not in a downstream region of bdnf exon IXabcd
in psychotic patients. The authors then elegantly demonstrated strong hypermethyl-
ation of the same promoter region in affected subjects and a similar increase in
5-hmC signal. Concomitantly, reduced total BDNF expression was confirmed.
If Gadd45b plays a causative role in demethylation in association with the psychosis
phenotype, its reduced binding to target loci such as bdnf exon IX may have caused
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the demethylation cascade to become ‘“stuck” in the hydroxymethylated state.
According to this model of bdnf demethylation, Gadd45b would promote the
conversion of 5-hmC to unmethylated cytosine, but this has not been confirmed
(Guo et al. 2011b). Although Gavin et al. (2012) dissected the epigenetics of BDNF
expression, it is not clear whether attenuated BDNF signaling is a key mediator of
the disease phenotype or whether it is only one of many epigenetically dysregulated
genes. It is also not clear which cortical cells specifically harbor the alterations in
Gadd45b-mediated signaling; indeed both excitatory and inhibitory cortical cells
but not glia express Gadd45b in the normal prefrontal cortex (Gavin et al. 2012).
Finally, the authors uncovered a counterintuitive finding that gadd45b transcripts and
protein are both elevated in psychotic subjects’ cortices. Of course, this conflicts with
the finding of suppressed DNA binding and elevated methylation of bdnf exon IX,
and this suggests that global expression differences in Gadd45b and possibly other
potent modulators of the epigenome do not necessarily drive commensurate changes
in site-specific binding patterns. It remains to be seen which specific characteristics
of promoter sequences and associated chromatin influence the recruitment of the
demethylation machinery. Alternatively, enhanced expression could represent a
compensatory effect to other factors associated with a more restrictive chromatin
state in Sz such as enhanced DNMT expression, DNA methylation, and repressive
histone modifications (Veldic et al. 2004, 2005; Grayson et al. 2005; Gavin and
Sharma 2010).

Together, these results provide evidence that Gadd45b influences altered neuronal
signaling in Sz and mediates certain forms of antipsychotic therapy. Future studies,
such as with Gadd45b-mutant mice, are needed, however, to confirm a functional
effect of the protein. It should be noted, however, that Gadd45b-null mutants did not
exhibit alterations in prepulse inhibition, an index of sensorimotor gating that is
affected in Sz models (Sultan et al. 2012). Additionally, it remains to be seen that
Gadd45b specifically drives demethylation and upregulation of reelin, gadl, and
bdnfin psychosis. Of particular interest is the possible role of Gadd45b in epigeneti-
cally altered gad! expression and inhibitory tone. If the Gadd45 proteins do indeed
influence cortical inhibition in this manner, demethylation mechanisms could
become a novel molecular target in Sz treatment.

Few studies have sought to profile the span of methylation changes in psychosis,
but Mill et al. (2008) utilized an epigenome-wide effort to address this problem.
Genomic DNA from frontal cortex biopsies of schizophrenic and bipolar patients
differed at a number of loci from control brains when global methylation was
assessed. These epigenetic modifications corresponded with changes in steady-state
transcripts encoding regulators of glutamatergic and GABAergic signaling and
neurodevelopment and other transcripts highlighted in genetic linkage studies. For
example, loci proximal to the NMDA receptor subunit gene NR3B and the AMPA
receptor subunit gene Gria2 were hypomethylated in patients, suggesting aberrantly
high demethylation activity, possibly due to altered Gadd45 signaling could drive
excessive excitatory activity. Likewise, genes encoding vesicular glutamate trans-
porters VGLUT1 and VGLUT?2 also showed altered methylation patterns associ-
ated with downregulation of the former and demethylation and upregulation of the
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latter. In hypothesizing a functional link between DNA methylation changes and
psychosis etiology, the authors emphasize the complex, interactive effects of epig-
enomic marks in the global transcriptional network. It is important, therefore, not to
place excessive weight on single transcriptional or epigenetic changes in psychosis or
other disease states, and future studies will need to take this into account. In addition,
arecent study found elevated TET and suppressed APOBEC expression in psychosis
patient cortices and associated increases in ShmC throughout the genome and at bdnf
and gadl promoters (Dong et al. 2012). The associated decreases in BDNF and
GADG67 expression may result from similar reductions in the ability of neurons to
convert ShmC to unmethylated cytosine and hence accumulation of ShmC or from a
direct repressive function of TET1 independent of its enzymatic activity (Grayson and
Guidotti 2013). Therefore, future studies of Gadd45 proteins in Sz will need to address
potential alterations in ShmC levels as well. Finally, the functional interactions
between canonical epigenetic cascades suggest Gadd45 proteins may also mediate the
contributions of histone modifications to psychosis pathology and treatment (Sharma
et al. 2008; Guidotti et al. 2009; Kurita et al. 2012; Labrie et al. 2012).

6.5 Conclusions

We have summarized the key findings of Gadd45 protein function in the CNS.
The Gadd45 family is expressed in distinct patterns during the development of the
nervous system and likely mediates cell-cycle control during mitosis. In a variety of
nervous system stressors including physical and chemical injury to nerves and neo-
plasia, the Gadd45 family has been implicated in sensing DNA damage and control-
ling the balance between apoptosis and cell survival. More recently, an exciting
literature has identified the Gadd45 family as regulators of active DNA demethyl-
ation, a still elusive molecular epigenetic mechanism that appears to control adult
cognitive function and neuropsychiatric dysfunction. Future work is needed to delin-
eate the breadth of mechanisms that stimulate Gadd45 expression and those by which
the proteins mediate DNA repair, cell-cycle control, and epigenetic regulation of
transcription. Studies will also need to identify small molecule regulators of Gadd45
function and to investigate their potential uses in conditions including CNS cancers,
nerve damage, and cognition.

References

Abdallah MW, Mortensen EL, Greaves-Lord K, Larsen N, Bonefeld-Jgrgensen EC, Ngrgaard-
Pedersen B, Hougaard DM, Grove J (2013) Neonatal levels of neurotrophic factors and risk of
autism spectrum disorders. Acta Psychiatr Scand 128(1):61-69

Abdollahi A, Lord KA, Hoffman-Liebermann B, Liebermann DA (1991) Sequence and expression
of a cDNA encoding MyD118: a novel myeloid differentiation primary response gene induced
by multiple cytokines. Oncogene 6:165-167



112 F.A. Sultan and J.D. Sweatt

Abdolmaleky HM, Cheng K-H, Russo A, Smith CL, Faraone SV, Wilcox M, Shafa R, Glatt SJ,
Nguyen G, Ponte JF, Thiagalingam S, Tsuang MT (2005) Hypermethylation of the reelin
(RELN) promoter in the brain of schizophrenic patients: a preliminary report. Am J Med Genet
134B:60-66

Akbarian S, Kim JJ, Potkin SG, Hagman JO, Tafazzoli A, Bunney WE, Jones EG (1995) Gene
expression for glutamic acid decarboxylase is reduced without loss of neurons in prefrontal
cortex of schizophrenics. Arch Gen Psychiatry 52:258-266

Asuthkar S, Nalla AK, Gondi CS, Dinh DH, Gujrati M, Mohanam S, Rao JS (2011) Gadd45a
sensitizes medulloblastoma cells to irradiation and suppresses MMP-9-mediated EMT. Neuro
Oncol 13:1059-1073

Barreto G, Schifer A, Marhold J, Stach D, Swaminathan SK, Handa V, Déderlein G, Maltry N, Wu
W, Lyko F, Niehrs C (2007) Gadd45a promotes epigenetic gene activation by repair-mediated
DNA demethylation. Nature 445:671-675

Barrette B, Calvo E, Vallieres N, Lacroix S (2010) Transcriptional profiling of the injured sciatic
nerve of mice carrying the W1d(S) mutant gene: identification of genes involved in neuropro-
tection, neuroinflammation, and nerve regeneration. Brain Behav Immun 24:1254-1267

Beadling C, Johnson KW, Smith KA (1993) Isolation of interleukin 2-induced immediate-early
genes. Proc Natl Acad Sci USA 90:2719-2723

Befort K, Karchewski L, Lanoue C, Woolf CJ (2003) Selective up-regulation of the growth arrest
DNA damage-inducible gene Gadd45 alpha in sensory and motor neurons after peripheral
nerve injury. Eur J Neurosci 18:911-922

Berger SL, Kouzarides T, Shiekhattar R, Shilatifard A (2009) An operational definition of
epigenetics. Genes Dev 23:781-783

Bhutani N, Brady JJ, Damian M, Sacco A, Corbel SY, Blau HM (2010) Reprogramming towards
pluripotency requires AID-dependent DNA demethylation. Nature 463:1042—-1047

Brinkman AB, Gu H, Bartels SJJ, Zhang Y, Matarese F, Simmer F, Marks H, Bock C, Gnirke A,
Meissner A, Stunnenberg HG (2012) Sequential ChIP-bisulfite sequencing enables direct
genome-scale investigation of chromatin and DNA methylation cross-talk. Genome Res
22:1128-1138

Candal E, Thermes V, Joly J-S, Bourrat F (2004) Medaka as a model system for the characteri-
sation of cell cycle regulators: a functional analysis of Ol-Gadd45gamma during early embryo-
genesis. Mech Dev 121:945-958

Candal E, Nguyen V, Joly J-S, Bourrat F (2005) Expression domains suggest cell-cycle inde-
pendent roles of growth-arrest molecules in the adult brain of the medaka, Oryzias latipes.
Brain Res Bull 66:426—430

Chahrour M, Jung SY, Shaw C, Zhou X, Wong STC, Qin J, Zoghbi HY (2008) MeCP2, a key
contributor to neurological disease, activates and represses transcription. Science
320:1224-1229

Charriaut-Marlangue C, Richard E, Ben-Ari Y (1999) DNA damage and DNA damage-inducible
protein Gadd45 following ischemia in the P7 neonatal rat. Brain Res Dev Brain Res 116:
133-140

Chen J, Uchimura K, Stetler RA, Zhu RL, Nakayama M, Jin K, Graham SH, Simon RP (1998)
Transient global ischemia triggers expression of the DNA damage-inducible gene GADD45 in
the rat brain. J Cereb Blood Flow Metab 18:646-657

Choi HJ, Kang KS, Fukui M, Zhu BT (2011) Critical role of the INK-p53-GADD45a apoptotic
cascade in mediating oxidative cytotoxicity in hippocampal neurons. Br J Pharmacol
162:175-192

Chou TT, Trojanowski JQ, Lee VM (2001) p38 mitogen-activated protein kinase-independent
induction of gadd45 expression in nerve growth factor-induced apoptosis in medulloblastomas.
J Biol Chem 276:41120-41127

Chwang WB, O’Riordan KJ, Levenson JM, Sweatt JD (2006) ERK/MAPK regulates hippocampal
histone phosphorylation following contextual fear conditioning. Learn Mem 13:322-328

Costigan M, Befort K, Karchewski L, Griffin RS, D’Urso D, Allchorne A, Sitarski J, Mannion JW,
Pratt RE, Woolf CJ (2002) Replicate high-density rat genome oligonucleotide microarrays



6 The Role of the Gadd45 Family in the Nervous System... 113

reveal hundreds of regulated genes in the dorsal root ganglion after peripheral nerve injury.
BMC Neurosci 3:16

Coyle JT, Duman RS (2003) Finding the intracellular signaling pathways affected by mood disor-
der treatments. Neuron 38:157-160

Damodaran TV, Attia MK, Abou-Donia MB (2011) Early differential cell death and survival
mechanisms initiate and contribute to the development of OPIDN: a study of molecular,
cellular, and anatomical parameters. Toxicol Appl Pharmacol 256:348-359

Day JJ, Sweatt JD (2010) DNA methylation and memory formation. Nat Neurosci 13:1319-1323

Day JJ, Sweatt JD (2011) Epigenetic mechanisms in cognition. Neuron 70:813-829

de la Calle-Mustienes E, Glavic A, Modolell J, Gémez-Skarmeta JL (2002) Xiro homeoproteins
coordinate cell cycle exit and primary neuron formation by upregulating neuronal-fate repressors
and downregulating the cell-cycle inhibitor XGadd45-gamma. Mech Dev 119:69-80

De Smaele E, Zazzeroni F, Papa S, Nguyen DU, Jin R, Jones J, Cong R, Franzoso G (2001)
Induction of gadd45beta by NF-kappaB downregulates pro-apoptotic JNK signalling. Nature
414:308-313

Di Giovanni S, Knoblach SM, Brandoli C, Aden SA, Hoffman EP, Faden AI (2003) Gene profiling
in spinal cord injury shows role of cell cycle in neuronal death. Ann Neurol 53:454-468

Dong E, Gavin DP, Chen Y, Davis J (2012) Upregulation of TET1 and downregulation of
APOBEC3A and APOBEC3C in the parietal cortex of psychotic patients. Transl Psychiatry
2:e159

Feng J, Zhou Y, Campbell SL, Le T, Li E, Sweatt JD, Silva AJ, Fan G (2010) Dnmt1 and Dnmt3a
maintain DNA methylation and regulate synaptic function in adult forebrain neurons. Nat
Neurosci 13:423-430

Ford JM, Roach BJ, Faustman WO, Mathalon DH (2007) Synch before you speak: auditory hallu-
cinations in schizophrenia. Am J Psychiatry 164:458-466

Fornace AJ, Alamo I, Hollander MC (1988) DNA damage-inducible transcripts in mammalian
cells. Proc Natl Acad Sci USA 85:8800-8804

Francis YI, Fa M, Ashraf H, Zhang H, Staniszewski A, Latchman DS, Arancio O (2009)
Dysregulation of histone acetylation in the APP/PS1 mouse model of Alzheimer’s disease.
J Alzheimers Dis 18:131-139

Fuso A, Scarpa S (2011) One-carbon metabolism and Alzheimer’s disease: is it all a methylation
matter? Neurobiol Aging 32:1192-1195

Fuso A, Cavallaroa RA, Nicolia V, Scarpa S (2012) PSENI promoter demethylation in
hyperhomocysteinemic TgCRNDS mice is the culprit, not the consequence. Curr Alzheimer
Res 9:527-535

Galvin KE, Ye H, Erstad DJ, Feddersen R, Wetmore C (2008) Glil induces G2/M arrest and
apoptosis in hippocampal but not tumor-derived neural stem cells. Stem Cells 26:1027-1036

Garbett K, Ebert PJ, Mitchell A, Lintas C, Manzi B, Mirnics K, Persico AM (2008) Immune tran-
scriptome alterations in the temporal cortex of subjects with autism. Neurobiol Dis 30:303-311

Gavin DP, Sharma RP (2010) Histone modifications, DNA methylation, and schizophrenia.
Neurosci Biobehav Rev 34:882-888

Gavin DP, Sharma RP, Chase KA, Matrisciano F, Dong E, Guidotti A (2012) 003 Growth arrest and
DNA-damage-inducible, beta (GADD45b)-mediated DNA demethylation in major psychosis.
Neuropsychopharmacology 37:531-542

Goc A, Al-Azayzih A, Abdalla M, Al-Husein B, Kavuri S, Lee J, Moses K, Somanath PR (2013)
P21 activated kinase-1 (Pak1) promotes prostate tumor growth and microinvasion via inhibition
of TGFp expression and enhanced MMP9 secretion. J Biol Chem 288(5):3025-3035

Gohlke JM, Armant O, Parham FM, Smith MV, Zimmer C, Castro DS, Nguyen L, Parker JS,
Gradwohl G, Portier CJ, Guillemot F (2008) Characterization of the proneural gene regulatory
network during mouse telencephalon development. BMC Biol 6:15

Gonzalez-Burgos G, Hashimoto T, Lewis DA (2010) Alterations of cortical GABA neurons and
network oscillations in schizophrenia. Curr Psychiatry Rep 12:335-344

Griff J, Tsai L-H (2013) The potential of HDAC inhibitors as cognitive enhancers. Annu Rev
Pharmacol Toxicol 53:311-330



114 F.A. Sultan and J.D. Sweatt

Griff J, Rei D, Guan J-S, Wang W-Y, Seo J, Hennig KM, Nieland TJF, Fass DM, Kao PF, Kahn M,
Su SC, Samiei A, Joseph N, Haggarty SJ, Delalle I, Tsai L-H (2012) An epigenetic blockade
of cognitive functions in the neurodegenerating brain. Nature 483:222-226

Grayson DR, Guidotti A (2013) The dynamics of DNA methylation in schizophrenia and related
psychiatric disorders. Neuropsychopharmacology 38:138-166

Grayson DR, Jia X, Chen Y, Sharma RP, Mitchell CP, Guidotti A, Costa E (2005) Reelin promoter
hypermethylation in schizophrenia. Proc Natl Acad Sci USA 102:9341-9346

Guan J-S, Haggarty SJ, Giacometti E, Dannenberg J-H, Joseph N, Gao J, Nieland TJF, Zhou Y,
Wang X, Mazitschek R, Bradner JE, DePinho RA, Jaenisch R, Tsai L-H (2009) HDAC2 nega-
tively regulates memory formation and synaptic plasticity. Nature 459:55-60

Guidotti A, Dong E, Kundakovic M, Satta R, Grayson DR, Costa E (2009) Characterization of
the action of antipsychotic subtypes on valproate-induced chromatin remodeling. Trends
Pharmacol Sci 30:55-60

Guo JU, Ma DK, Mo H, Ball MP, Jang M-H, Bonaguidi MA, Balazer JA, Eaves HL, Xie B,
Ford E, Zhang K, Ming G-L, Gao Y, Song H (2011a) Neuronal activity modifies the DNA
methylation landscape in the adult brain. Nat Neurosci 14:1345-1351

Guo JU, Su 'Y, Zhong C, Ming G-L, Song H (2011b) Hydroxylation of 5-methylcytosine by TET1
promotes active DNA demethylation in the adult brain. Cell 145:423-434

Gupta S, Kim SY, Artis S, Molfese DL, Schumacher A, Sweatt JD, Paylor RE, Lubin FD (2010)
Histone methylation regulates memory formation. J Neurosci 30:3589-3599

Hannum G, Guinney J, Zhao L, Zhang L, Hughes G, Sadda S, Klotzle B, Bibikova M, Fan J-B,
Gao Y, Deconde R, Chen M, Rajapakse I, Friend S, Ideker T, Zhang K (2013) Genome-wide
methylation profiles reveal quantitative views of human aging rates. Mol Cell 49(2):359-367

Hashimoto K, Iwata Y, Nakamura K, Tsujii M, Tsuchiya KJ, Sekine Y, Suzuki K, Minabe Y, Takei
N, Iyo M, Mori N (2006) Reduced serum levels of brain-derived neurotrophic factor in adult
male patients with autism. Prog Neuropsychopharmacol Biol Psychiatry 30:1529-1531

Henshall DC, Sinclair J, Simon RP (1999) Relationship between seizure-induced transcription of
the DNA damage-inducible gene GADD45, DNA fragmentation, and neuronal death in focally
evoked limbic epilepsy. ] Neurochem 73:1573-1583

Hildesheim J, Bulavin DV, Anver MR, Alvord WG, Hollander MC, Vardanian L, Fornace AJ
(2002) Gadd45a protects against UV irradiation-induced skin tumors, and promotes apoptosis
and stress signaling via MAPK and p53. Cancer Res 62:7305-7315

Hill CE, Harrison BJ, Rau KK, Hougland MT, Bunge MB, Mendell LM, Petruska JC (2010) Skin
incision induces expression of axonal regeneration-related genes in adult rat spinal sensory
neurons. J Pain 11:1066-1073

Hollander MC, Sheikh MS, Bulavin DV, Lundgren K, Augeri-Henmueller L, Shehee R, Molinaro
TA, Kim KE, Tolosa E, Ashwell JD, Rosenberg MP, Zhan Q, Fernandez-Salguero PM, Morgan
WE, Deng CX, Fornace AJ (1999) Genomic instability in Gadd45a-deficient mice. Nat Genet
23:176-184

Hou ST, Tu Y, Buchan AM, Huang Z, Preston E, Rasquinha I, Robertson GS, MacManus JP
(1997) Increases in DNA lesions and the DNA damage indicator Gadd45 following transient
cerebral ischemia. Biochem Cell Biol 75:383-392

Hu BH, Cai Q, Manohar S, Jiang H, Ding D, Coling DE, Zheng G, Salvi R (2009) Differential
expression of apoptosis-related genes in the cochlea of noise-exposed rats. Neuroscience
161:915-925

Huang H-S, Akbarian S (2007) GADI mRNA expression and DNA methylation in prefrontal
cortex of subjects with schizophrenia. PLoS One 2:e809

Huang HS, Kubish GM, Redmond TM, Turner DL, Thompson RC, Murphy GG, Uhler MD (2010)
Direct transcriptional induction of Gadd45gamma by Ascll during neuronal differentiation.
Mol Cell Neurosci 44:282-296

Hughes PE, Alexi T, Yoshida T, Schreiber SS, Knusel B (1996) Excitotoxic lesion of rat brain with
quinolinic acid induces expression of p53 messenger RNA and protein and p53-inducible
genes Bax and Gadd-45 in brain areas showing DNA fragmentation. Neuroscience
74:1143-1160



6 The Role of the Gadd45 Family in the Nervous System... 115

Irier HA, Jin P (2012) Dynamics of DNA methylation in aging and Alzheimer’s disease. DNA Cell
Biol 31(Suppl 1):S42-S48

Jacob K et al (2011) Genetic aberrations leading to MAPK pathway activation mediate oncogene-
induced senescence in sporadic pilocytic astrocytomas. Clin Cancer Res 17:4650—4660

Jin K, Chen J, Kawaguchi K, Zhu RL, Stetler RA, Simon RP, Graham SH (1996) Focal ischemia
induces expression of the DNA damage-inducible gene GADDA45 in the rat brain. Neuroreport
7:1797-1802

Jin S, Antinore MJ, Lung FD, Dong X, Zhao H, Fan F, Colchagie AB, Blanck P, Roller PP, Fornace
Al, Zhan Q (2000) The GADDA45 inhibition of Cdc2 kinase correlates with GADD45-mediated
growth suppression. J Biol Chem 275:16602—16608

Jin S, Tong T, Fan W, Fan F, Antinore MJ, Zhu X, Mazzacurati L, Li X, Petrik KL, Rajasekaran B,
Wu M, Zhan Q (2002) GADD45-induced cell cycle G2-M arrest associates with altered subcel-
lular distribution of cyclin Bl and is independent of p38 kinase activity. Oncogene
21:8696-8704

Jin S-G, Guo C, Pfeifer GP (2008) GADD45A does not promote DNA demethylation. PLoS Genet
4:e1000013

Johnson AA, Akman K, Calimport SRG, Wuttke D, Stolzing A, de Magalhaes JP (2012) The role
of DNA methylation in aging, rejuvenation, and age-related disease. Rejuvenation Res
15:483-494

Jung N, Yi YW, Kim D, Shong M, Hong SS, Lee HS, Bae I (2000) Regulation of Gadd45gamma
expression by C/EBP. Eur J Biochem 267:6180-6187

Kappler R, Hess I, Schlegel J, Hahn H (2004) Transcriptional up-regulation of Gadd45a in patched-
associated medulloblastoma. Int J Oncol 25:113-120

Kaufmann LT, Niehrs C (2011) Gadd45a and Gadd45g regulate neural development and exit from
pluripotency in Xenopus. Mech Dev 128:401-411

Kaufmann LT, Gierl MS, Niehrs C (2011) Gadd45a, Gadd45b and Gadd45g expression during
mouse embryonic development. Gene Expr Patterns 11:465-470

Kawahara A, Che Y-S, Hanaoka R, Takeda H, Dawid IB (2005) Zebrafish GADD45beta genes are
involved in somite segmentation. Proc Natl Acad Sci USA 102:361-366

Kaya SS, Mahmood A, Li Y, Yavuz E, Goksel M, Chopp M (1999) Apoptosis and expression
of p53 response proteins and cyclin D1 after cortical impact in rat brain. Brain Res
818:23-33

Kearsey JM, Coates PJ, Prescott AR, Warbrick E, Hall PA (1995) Gadd45 is a nuclear cell cycle
regulated protein which interacts with p21Cipl. Oncogene 11:1675-1683

Khare T et al (2012) 5-hmC in the brain is abundant in synaptic genes and shows differences at the
exon-intron boundary. Nat Struct Mol Biol 19:1037-1043

Kilgore M, Miller CA, Fass DM, Hennig KM, Haggarty SJ, Sweatt JD, Rumbaugh G (2010)
Inhibitors of class 1 histone deacetylases reverse contextual memory deficits in a mouse model
of Alzheimer’s disease. Neuropsychopharmacology 35:870-880

Kolluri N, Sun Z, Sampson AR, Lewis DA (2005) Lamina-specific reductions in dendritic spine
density in the prefrontal cortex of subjects with schizophrenia. Am J Psychiatry
162:1200-1202

Kondo Y (2009) Epigenetic cross-talk between DNA methylation and histone modifications in
human cancers. Yonsei Med J 50:455-463

Kriaucionis S, Heintz N (2009) The nuclear DNA base 5-hydroxymethylcytosine is present in
Purkinje neurons and the brain. Science 324:929-930

Kurita M et al (2012) HDAC?2 regulates atypical antipsychotic responses through the modulation
of mGlu2 promoter activity. Nat Neurosci 15:1245-1254

Labrie V, Pai S, Petronis A (2012) Epigenetics of major psychosis: progress, problems and per-
spectives. Trends Genet 28:427-435

Lambert MP, Barlow AK, Chromy BA, Edwards C, Freed R, Liosatos M, Morgan TE, Rozovsky
I, Trommer B, Viola KL, Wals P, Zhang C, Finch CE, Krafft GA, Klein WL (1998) Diffusible,
nonfibrillar ligands derived from Abetal-42 are potent central nervous system neurotoxins.
Proc Natl Acad Sci USA 95:6448-6453



116 F.A. Sultan and J.D. Sweatt

Leach PT, Poplawski SG, Kenney JW, Hoffman B, Liebermann DA, Abel T, Gould TJ (2012)
Gadd45b knockout mice exhibit selective deficits in hippocampus-dependent long-term memory.
Learn Mem 19:319-324

Levenson JM, O’Riordan KJ, Brown KD, Trinh MA, Molfese DL, Sweatt JD (2004) Regulation of
histone acetylation during memory formation in the hippocampus. J Biol Chem
279:40545-40559

Levenson JM, Roth TL, Lubin FD, Miller CA, Huang I-C, Desai P, Malone LM, Sweatt JD (2006)
Evidence that DNA (cytosine-5) methyltransferase regulates synaptic plasticity in the hippo-
campus. J Biol Chem 281:15763-15773

Levkovitch-Verbin H, Spierer O, Vander S, Dardik R (2011) Similarities and differences between
primary and secondary degeneration of the optic nerve and the effect of minocycline. Graefes
Arch Clin Exp Ophthalmol 249:849-857

Lewis DA (2012) Cortical circuit dysfunction and cognitive deficits in schizophrenia — implications
for preemptive interventions. Eur J Neurosci 35:1871-1878

Lewis DA, Sweet RA (2009) Schizophrenia from a neural circuitry perspective: advancing toward
rational pharmacological therapies. J Clin Invest 119:706-716

Li Y, Chopp M, Powers C (1997a) Granule cell apoptosis and protein expression in hippocampal
dentate gyrus after forebrain ischemia in the rat. J Neurol Sci 150:93-102

Li Y, Chopp M, Powers C, Jiang N (1997b) Apoptosis and protein expression after focal cerebral
ischemia in rat. Brain Res 765:301-312

Liebermann DA, Hoffman B (2008) Gadd45 in stress signaling. J Mol Signal 3:15

Lievens JC, Bernal F, Forni C, Mahy N, Kerkerian-Le Goff L (2000) Characterization of striatal
lesions produced by glutamate uptake alteration: cell death, reactive gliosis, and changes in
GLT1 and GADD45 mRNA expression. Glia 29:222-232

Lin C-R, Yang C-H, Huang C-E, Wu C-H, Chen Y-S, Sheen-Chen S-M, Huang H-W, Chen K-H
(2011) GADDA45A protects against cell death in dorsal root ganglion neurons following peripheral
nerve injury. J Neurosci Res 89:689-699

LiuB,LiJ,LiL, Yu L, Li C (2012) Electrical stimulation of cerebellar fastigial nucleus promotes
the expression of growth arrest and DNA damage inducible gene § and motor function recovery
in cerebral ischemia/reperfusion rats. Neurosci Lett 520:110-114

Lubin FD, Roth TL, Sweatt JD (2008) Epigenetic regulation of BDNF gene transcription in the
consolidation of fear memory. J Neurosci 28:10576-10586

Ma DK, Jang M-H, Guo JU, Kitabatake Y, Chang M-L, Pow-Anpongkul N, Flavell RA, Lu B,
Ming G-L, Song H (2009) Neuronal activity-induced Gadd45b promotes epigenetic DNA
demethylation and adult neurogenesis. Science 323:1074-1077

Maeda T, Hanna AN, Sim AB, Chua PP, Chong MT, Tron VA (2002) GADD45 regulates G2/M
arrest, DNA repair, and cell death in keratinocytes following ultraviolet exposure. J Invest
Dermatol 119:22-26

Massa V, Savery D, Ybot-Gonzalez P, Ferraro E, Rongvaux A, Cecconi F, Flavell R, Greene NDE,
Copp AJ (2009) Apoptosis is not required for mammalian neural tube closure. Proc Natl Acad
Sci USA 106:8233-8238

Mastroeni D, Grover A, Delvaux E, Whiteside C, Coleman PD, Rogers J (2010) Epigenetic changes
in Alzheimer’s disease: decrements in DNA methylation. Neurobiol Aging 31:2025-2037

Matrisciano F, Dong E, Gavin DP, Nicoletti F, Guidotti A (2011) Activation of group II metabo-
tropic glutamate receptors promotes DNA demethylation in the mouse brain. Mol Pharmacol
80:174-182

Maze I, Noh K-M, Allis CD (2013) Histone regulation in the CNS: basic principles of epigenetic
plasticity. Neuropsychopharmacology 38:3-22

Mehta A, Prabhakar M, Kumar P, Deshmukh R, Sharma PL (2013) Excitotoxicity: bridge to vari-
ous triggers in neurodegenerative disorders. Eur J Pharmacol 698:6-18

Melis JPM, Luijten M, Mullenders LHF, van Steeg H (2011) The role of XPC: implications in
cancer and oxidative DNA damage. Mutat Res 728:107-117

Michaelis KA, Knox AJ, Xu M, Kiseljak-Vassiliades K, Edwards MG, Geraci M, Kleinschmidt-
DeMasters BK, Lillehei KO, Wierman ME (2011) Identification of growth arrest and DNA-



6 The Role of the Gadd45 Family in the Nervous System... 117

damage-inducible gene beta (GADD45beta) as a novel tumor suppressor in pituitary
gonadotrope tumors. Endocrinology 152:3603-3613

Mill J, Tang T, Kaminsky Z, Khare T, Yazdanpanah S, Bouchard L, Jia P, Assadzadeh A, Flanagan
J, Schumacher A, Wang S-C, Petronis A (2008) Epigenomic profiling reveals DNA-methylation
changes associated with major psychosis. Am J Hum Genet 82:696-711

Miller CA, Sweatt JD (2007) Covalent modification of DNA regulates memory formation. Neuron
53:857-869

Miller-Delaney SFC, Das S, Sano T, Jimenez-Mateos EM, Bryan K, Buckley PG, Stallings RL,
Henshall DC (2012) Differential DNA methylation patterns define status epilepticus and
epileptic tolerance. J Neurosci 32:1577-1588

Miyashita T, Kubik S, Lewandowski G, Guzowski JF (2008) Networks of neurons, networks of
genes: an integrated view of memory consolidation. Neurobiol Learn Mem 89:269-284

Morrison JP, Ton T-V, Collins JB, Switzer RC, Little PB, Morgan DL, Sills RC (2009) Gene
expression studies reveal that DNA damage, vascular perturbation, and inflammation contribute
to the pathogenesis of carbonyl sulfide neurotoxicity. Toxicol Pathol 37:502-511

Moskalev A, Plyusnina E, Shaposhnikov M, Shilova L, Kazachenok A, Zhavoronkov A (2012)
The role of D-GADD45 in oxidative, thermal and genotoxic stress resistance. Cell Cycle
11(22):4222-4241

Naegele J (2009) Epilepsy and the plastic mind. Epilepsy Curr 9:166—169

Nguyen A, Rauch TA, Pfeifer GP, Hu VW (2010) Global methylation profiling of lymphoblastoid
cell lines reveals epigenetic contributions to autism spectrum disorders and a novel autism
candidate gene, RORA, whose protein product is reduced in autistic brain. FASEB J
24:3036-3051

Nijboer CH, Heijnen CJ, Groenendaal F, van Bel F, Kavelaars A (2009) Alternate pathways pre-
serve tumor necrosis factor-alpha production after nuclear factor-kappaB inhibition in neonatal
cerebral hypoxia-ischemia. Stroke 40:3362-3368

Papathanasiou MA, Kerr NC, Robbins JH, McBride OW, Alamo I, Barrett SF, Hickson ID, Fornace
AJ (1991) Induction by ionizing radiation of the gadd45 gene in cultured human cells: lack of
mediation by protein kinase C. Mol Cell Biol 11:1009-1016

Patterson PH (2011) Modeling autistic features in animals. Pediatr Res 69:34R—40R

Patterson AD, Hildesheim J, Fornace AJ, Hollander MC (2006) Neural tube development requires
the cooperation of p53- and Gadd45a-associated pathways. Birth Defects Res A Clin Mol
Teratol 76:129-132

Peedicayil J (2011) Epigenetic management of major psychosis. Clin Epigenetics 2:249-256

Peleg S, Sananbenesi F, Zovoilis A, Burkhardt S, Bahari-Javan S, Agis-Balboa RC, Cota P,
Wittnam JL, Gogol-Doering A, Opitz L, Salinas-Riester G, Dettenhofer M, Kang H, Farinelli
L, Chen W, Fischer A (2010) Altered histone acetylation is associated with age-dependent
memory impairment in mice. Science 328:753-756

Plyusnina EN, Shaposhnikov MV, Moskalev AA (2011) Increase of Drosophila melanogaster
lifespan due to D-GADD45 overexpression in the nervous system. Biogerontology
12:211-226

Plyusnina EN, Shaposhnikov MV, Moskalev AA (2012) Geroprotective effects of activation of
D-GADDA45 DNA reparation gene in Drosophila melanogaster nervous system. Bull Exp Biol
Med 152:340-343

Rai K, Huggins 1J, James SR, Karpf AR, Jones DA, Cairns BR (2008) DNA demethylation in zebraf-
ish involves the coupling of a deaminase, a glycosylase, and gadd45. Cell 135:1201-1212

Sadeh R, Allis CD (2011) Genome-wide “re-” modeling of nucleosome positions. Cell
147:263-266

Saha RN, Wissink EM, Bailey ER, Zhao M, Fargo DC, Hwang J-Y, Daigle KR, Fenn JD, Adelman
K, Dudek SM (2011) Rapid activity-induced transcription of Arc and other IEGs relies on
poised RNA polymerase II. Nat Neurosci 14:848-856

Santiard-Baron D, Gosset P, Nicole A, Sinet PM, Christen Y, Ceballos-Picot I (1999) Identification
of beta-amyloid-responsive genes by RNA differential display: early induction of a DNA
damage-inducible gene, gadd45. Exp Neurol 158:206-213



118 F.A. Sultan and J.D. Sweatt

Santiard-Baron D, Lacoste A, Ellouk-Achard S, Soulié C, Nicole A, Sarasin A, Ceballos-Picot I
(2001) The amyloid peptide induces early genotoxic damage in human preneuron NT2. Mutat
Res 479:113-120

Sarkisian MR, Siebzehnrubl D (2012) Abnormal levels of gadd45alpha in developing neocortex
impair neurite outgrowth. PLoS One 7:e44207

Sarkisian MR, Bartley CM, Chi H, Nakamura F, Hashimoto-Torii K, Torii M, Flavell RA, Rakic P
(2006) MEKK4 signaling regulates filamin expression and neuronal migration. Neuron
52:789-801

Schmidt-Kastner R, Zhao W, Truettner J, Belayev L, Busto R, Ginsberg MD (1998) Pixel-based
image analysis of HSP70, GADD45 and MAP2 mRNA expression after focal cerebral isch-
emia: hemodynamic and histological correlates. Brain Res Mol Brain Res 63:79-97

Sharma RP, Grayson DR, Gavin DP (2008) Histone deacetylase 1 expression is increased in the
prefrontal cortex of schizophrenia subjects: analysis of the National Brain Databank microarray
collection. Schizophr Res 98:111-117

Sheng N, Xie Z, Wang C, Bai G, Zhang K, Zhu Q, Song J, Guillemot F, Chen Y-G, Lin A, Jing N
(2010) Retinoic acid regulates bone morphogenic protein signal duration by promoting the
degradation of phosphorylated Smad1. Proc Natl Acad Sci USA 107:18886-18891

Shin C, McNamara JO (1994) Mechanism of epilepsy. Annu Rev Med 45:379-389

Shulha HP, Cheung I, Whittle C, Wang J, Virgil D, Lin CL, Guo Y, Lessard A, Akbarian S, Weng Z
(2012) Epigenetic signatures of autism: trimethylated H3K4 landscapes in prefrontal neurons.
Arch Gen Psychiatry 69:314-324

Song C-X, Szulwach KE, Fu Y, Dai Q, Yi C, Li X, Li Y, Chen C-H, Zhang W, Jian X, Wang J,
Zhang L, Looney TJ, Zhang B, Godley LA, Hicks LM, Lahn BT, Jin P, He C (2011) Selective
chemical labeling reveals the genome-wide distribution of 5-hydroxymethylcytosine. Nat
Biotechnol 29:68-72

Spencer KM, Nestor PG, Niznikiewicz MA, Salisbury DF, Shenton ME, McCarley RW (2003)
Abnormal neural synchrony in schizophrenia. J Neurosci 23:7407-7411

Stilling RM, Fischer A (2011) The role of histone acetylation in age-associated memory impair-
ment and Alzheimer’s disease. Neurobiol Learn Mem 96:19-26

Sultan FA, Day JJ (2011) Epigenetic mechanisms in memory and synaptic function. Epigenomics
3:157-181

Sultan FA, Wang J, Tront J, Liebermann DA, Sweatt JD (2012) Genetic deletion of gadd45b, a
regulator of active DNA demethylation, enhances long-term memory and synaptic plasticity.
J Neurosci 32:17059-17066

Sweatt JD (2009) Mechanisms of memory. Academic, New York

Takekawa M, Saito H (1998) A family of stress-inducible GADD45-like proteins mediate activation
of the stress-responsive MTK1/MEKK4 MAPKKK. Cell 95:521-530

Tamura RE, de Vasconcellos JF, Sarkar D, Libermann TA, Fisher PB, Zerbini LF (2012) GADD45
proteins: central players in tumorigenesis. Curr Mol Med 12:634-651

Tan Y-W, Zhang S-J, Hoffmann T, Bading H (2012) Increasing levels of wild-type CREB
up-regulates several activity-regulated inhibitor of death (AID) genes and promotes neuronal
survival. BMC Neurosci 13:48

Taoufik E, Probert L (2008) Ischemic neuronal damage. Curr Pharm Des 14:3565-3573

Torp R, Su JH, Deng G, Cotman CW (1998) GADDA4S5 is induced in Alzheimer’s disease, and
protects against apoptosis in vitro. Neurobiol Dis 5:245-252

Uberti D, Carsana T, Bernardi E, Rodella L, Grigolato P, Lanni C, Racchi M, Govoni S, Memo M
(2002) Selective impairment of p53-mediated cell death in fibroblasts from sporadic
Alzheimer’s disease patients. J Cell Sci 115:3131-3138

Uchino S, Waga C (2013) SHANK3 as an autism spectrum disorder-associated gene. Brain Dev
35(2):106-110

Vecsey CG, Hawk JD, Lattal KM, Stein JM, Fabian SA, Attner MA, Cabrera SM, McDonough
CB, Brindle PK, Abel T, Wood MA (2007) Histone deacetylase inhibitors enhance memory
and synaptic plasticity via CREB:CBP-dependent transcriptional activation. J Neurosci 27:
6128-6140



6 The Role of the Gadd45 Family in the Nervous System... 119

Veldic M, Caruncho HJ, Liu WS, Davis J, Satta R, Grayson DR, Guidotti A, Costa E (2004)
DNA-methyltransferase 1 mRNA is selectively overexpressed in telencephalic GABAergic
interneurons of schizophrenia brains. Proc Natl Acad Sci USA 101:348-353

Veldic M, Guidotti A, Maloku E, Davis JM, Costa E (2005) In psychosis, cortical interneurons
overexpress DNA-methyltransferase 1. Proc Natl Acad Sci USA 102:2152-2157

Wang Y, Qin Z-H (2010) Molecular and cellular mechanisms of excitotoxic neuronal death.
Apoptosis 15:1382-1402

Wang XW, Zhan Q, Coursen JD, Khan MA, Kontny HU, Yu L, Hollander MC, O’Connor PM,
Fornace AJ, Harris CC (1999) GADDA45 induction of a G2/M cell cycle checkpoint. Proc Natl
Acad Sci USA 96:3706-3711

Wang H, Sun H, Penna Della K, Benz RJ, Xu J, Gerhold DL, Holder DJ, Koblan KS (2002)
Chronic neuropathic pain is accompanied by global changes in gene expression and shares
pathobiology with neurodegenerative diseases. Neuroscience 114:529-546

Wang S-C, Oelze B, Schumacher A (2008) Age-specific epigenetic drift in late-onset alzheimer’s
disease. PLoS One 3:e2698

Wang L, Zhou C, Wang Z, Liu J, Jing Z, Zhang Z, Wang Y (2011) Dynamic variation of genes profiles
and pathways in the hippocampus of ischemic mice: a genomic study. Brain Res 1372:13-21

Wei L, Ding D, Salvi R (2010) Salicylate-induced degeneration of cochlea spiral ganglion neurons-
apoptosis signaling. Neuroscience 168:288-299

Wu H, Sun YE (2009) Reversing DNA methylation: new insights from neuronal activity-induced
Gadd45b in adult neurogenesis. Sci Signal 2:pel7

Xiao H-S, Huang Q-H, Zhang F-X, Bao L, Lu Y-J, Guo C, Yang L, Huang W-J, Fu G, Xu S-H,
Cheng X-P, Yan Q, Zhu Z-D, Zhang X, Chen Z, Han Z-G, Zhang X (2002) Identification
of gene expression profile of dorsal root ganglion in the rat peripheral axotomy model of
neuropathic pain. Proc Natl Acad Sci USA 99:8360-8365

Yamauchi J, Miyamoto Y, Sanbe A, Tanoue A (2006) JNK phosphorylation of paxillin, acting
through the Racl and Cdc42 signaling cascade, mediates neurite extension in N1E-115 cells.
Exp Cell Res 312:2954-2961

Yamauchi J, Miyamoto Y, Murabe M, Fujiwara Y, Sanbe A, Fujita Y, Murase S, Tanoue A (2007)
Gadd45a, the gene induced by the mood stabilizer valproic acid, regulates neurite outgrowth
through JNK and the substrate paxillin in N1E-115 neuroblastoma cells. Exp Cell Res
313:1886-1896

Yoshida T, Schneider EL, Mori N (1994) Cloning of the rat Gadd45 cDNA and its mRNA expres-
sion in the brain. Gene 151:253-255

Yoshida T, Okazaki T, Hughes PE, Schneider EL, Mori N (1996) Cloning of rat GADD45 gene and
induction analysis following ionizing radiation in vivo. FEBS Lett 380:87-92

Zeman RJ, Zhao J, Zhang Y, Zhao W, Wen X, Wu Y, Pan J, Bauman WA, Cardozo C (2009)
Differential skeletal muscle gene expression after upper or lower motor neuron transection.
Pflugers Arch 458:525-535

Zhan Q, Chen IT, Antinore MJ, Fornace AJ (1998) Tumor suppressor p53 can participate in tran-
scriptional induction of the GADD45 promoter in the absence of direct DNA binding. Mol Cell
Biol 18:2768-2778

Zhang W, Bae I, Krishnaraju K, Azam N, Fan W, Smith K, Hoffman B, Liebermann DA (1999)
CR6: a third member in the MyD118 and Gadd45 gene family which functions in negative
growth control. Oncogene 18:4899—-4907

Zhang X, Sun H, Danila DC, Johnson SR, Zhou Y, Swearingen B, Klibanski A (2002) Loss of
expression of GADD45 gamma, a growth inhibitory gene, in human pituitary adenomas: impli-
cations for tumorigenesis. J Clin Endocrinol Metab 87:1262-1267

Zhang S-J, Zou M, Lu L, Lau D, Ditzel DAW, Delucinge-Vivier C, Aso Y, Descombes P, Bading H
(2009) Nuclear calcium signaling controls expression of a large gene pool: identification of a
gene program for acquired neuroprotection induced by synaptic activity. PLoS Genet 5:e1000604

Zhu RL, Graham SH, Jin J, Stetler RA, Simon RP, Chen J (1997) Kainate induces the expression
of the DNA damage-inducible gene, GADDA45, in the rat brain. Neuroscience 81:707-720



	Chapter 6: The Role of the Gadd45 Family in the Nervous System: A Focus on Neurodevelopment, Neuronal Injury, and Cognitive Neuroepigenetics
	6.1 Introduction
	6.2 Nervous System Development
	6.2.1 Expression Patterns of the Gadd45 Genes in Neural Development
	6.2.2 Regulation of Nervous System Development
	6.2.3 Molecular Mechanisms in Neurodevelopment

	6.3 Neuronal Lesions
	6.3.1 Ischemia
	6.3.2 Neuronal Injury
	6.3.2.1 Physical Neuronal Lesions
	6.3.2.2 Neuronal Injury by Nonphysical Insults

	6.3.3 Neoplasia
	6.3.4 Seizures

	6.4 Cognitive Neuroepigenetics
	6.4.1 Memory
	6.4.2 Autism
	6.4.3 Alzheimer’s Disease and Aging
	6.4.4 Psychosis

	6.5 Conclusions
	References


