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Regulation of neuronal survival by DNA 
methyltransferases 

Introduction
Due to the limited regenerative capacity of neurons in the adult 
brain the precise regulation of their survival and death is essen-
tial for proper brain function and longevity (Götz et al., 2016). 
Moreover, survival and cell death regulation plays a pivotal role 
during brain development to ensure the correct establishment 
of functional circuits that are composed of particular neuronal 
subsets. Thereby, neurons are generated to a greater extent than 
finally needed, which makes the regulated cell death an elemen-
tary feature of brain development (Miller, 1995; Bartolini et al., 
2013). Hence, the generation, fine tuning and maintenance of 
correct numbers and subtypes of neurons destined for diverse 
brain regions requires tight orchestration during the distinct 
stages of development. 

In general, diverse signaling molecules activating intrinsic sig-
naling cascades contribute to neuronal survival regulation (Kris-
tiansen and Ham, 2014). To integrate and process pro- survival 
and pro-apoptotic cues cell type specifically, particular down-
stream proteins are shown to regulate each other’s expression 
or functionality in an interconnected network deciding about 
survival or cell death inducing programs (Pfisterer and Khodose-
vich, 2017). Although alternative cell death pathways exist (Yuan 
et al., 2003), in developing as well as in matured brains the elim-
ination of the majority of neurons occurs via the programmed 
cell death (Buss et al., 2006; Dekkers and Barde, 2013). In this 
regard, apoptotic processes are regulated by different protein 
families of specific biochemical signal transduction pathways 
(Dekkers et al., 2013).

Superordinate to genetic transcriptional networks epigenetic 
mechanisms like DNA methylation by DNA methyltransferas-
es (DNMTs) as well as histone modifications contribute to the 
regulation of cell death through development, aging and disease 
(Fagiolini et al., 2009; Akbarian et al., 2013). In the developing 

but also in the adult brain the DNA methyltransferases DNMT1 
and DNMT3A are expressed and perform promoter as well as 
gene body cytosine methylation often correlated with repression 
of transcription (Jang et al., 2017). Traditionally, DNMT1 was 
regarded as the maintenance methyltransferase copying methyl-
ation marks of hemimethylated DNA to the newly synthesized 
daughter strand during DNA replication, making the enzyme 
indispensable for dividing progenitor cells (Hermann et al., 
2004; Hirasawa et al., 2008). This is supported by the finding that 
DNMT1 has a higher affinity to hemimethylated DNA (Bash-
trykov et al., 2012) and that a total gene knockout of Dnmt1 in 
the central nervous system is lethal in mice (Fan et al., 2001). 
Although, Dnmt1 deletion in all dividing somatic cells is also le-
thal (Li et al., 1992; Fan et al., 2001; Jackson-Grusby et al., 2001; 
Trowbridge et al., 2009; Sen et al., 2010), mouse embryonic stem 
cells are viable, despite the resulting global loss of DNA methyl-
ation (Tsumura et al., 2006). Notably, human embryonic stem 
cells (ESCs) also displayed a global demethylation upon Dnmt1 
deletion (Liao et al., 2015). However, in contrast to mice they un-
dergo rapid cell death resulting in total lethality implicating dis-
tinct functions in embryonic stem cells of rodents and humans 
(Liao et al., 2015). 

DNMTs Regulate Cellular Survival During 
Neuronal Development and Maturation
Besides its major role in retaining the methylation pattern in 
progenitor cells, different studies have already linked DNMT1 
to post-mitotic developmental processes as well as to adult neu-
ron functionality (Fagiolini et al., 2009; Akbarian et al., 2013; Lv 
et al., 2013). A surprisingly high Dnmt1 expression was detected 
in post-mitotic neurons of the central nervous system, suggest-
ing functional implications in these cells (Chestnut et al., 2011; 
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Kadriu et al., 2012). Indeed, decreased Dnmt1 gene function in 
embryonic excitatory neurons of the neocortex caused progres-
sive cell death and a subsequent reduction in cortical thickness 
as revealed by conditional deletion of Dnmt1 in Emx1-express-
ing telencephalic precursors from embryonic day 13.5 on (Hut-
nick et al., 2009). In addition to neocortical excitatory cells, the 
survival and post-mitotic maturation of hippocampal neurons 
is also promoted by DNMT1 (Hutnick et al., 2009). For both, 
neocortical and hippocampal neurons, a prominent DNA hy-
pomethylation was detected in Dnmt1 deficient cells during 
development and over life span coupled with a misexpression 
of genes involved in cell death and postnatal maturation, like 
layer-specification and ion channel functionality (Hutnick et al., 
2009). In addition to its function in regulating cell survival and 
maturation of embryonic cortical neurons, DNMT1 further was 
reported to suppress precocious astroglial differentiation during 
neurogenesis in progenitors of the developing cerebral cortex 
(Fan et al., 2005). Thereby, DNMT1 was described to maintain 
the methylation states of astrocytic marker genes as well as genes 
related to crucial components of the gliogenic JAK-STAT path-
way (Fan et al., 2005). 

Besides regulating cell death associated gene expression in cor-
tical and hippocampal projection neuron development, DNMT1 
was also reported to promote the survival of photoreceptor cells 
and other types of neurons in the postnatal retina (Rhee et al., 
2012) as well as of proliferative cells in the adult dentate gyrus 
(Noguchi et al., 2015). Interestingly, as soon as these newly gen-
erated hippocampal neurons in the adult brain accomplished 
their differentiation, DNMT1 expression was dispensable for 
further survival maintenance (Noguchi et al., 2015). 

DNMT1 is A Key Regulator of the Survival of 
Inhibitory Cortical Interneurons
By shaping the responses of the excitatory glutamatergic prin-
cipal neurons in complex interconnected neuronal circuits 
inhibitory gamma-aminobutyric acid (GABA)-expressing local 
interneurons contribute essentially to the neuronal information 
processing in the cerebral cortex, the seat of higher cognitive 
functions (Kepecs and Fishell, 2014). In contrast to the excit-
atory cortical neurons that arise from the cortical proliferative 
zones, inhibitory GABAergic interneurons originate in partic-
ular domains of the basal telencephalon, including the medial 
and caudal ganglionic eminence (MGE and CGE) as well as the 
pre-optic area (POA) (Gelman et al., 2011; Bandler et al., 2017). 
Post-mitotic immature cortical interneurons adopt a polarized 
migratory morphology with leading and trailing processes and 
perform long-range tangential migration through the basal 
telencephalon up to the cerebral cortex (Martini et al., 2009) 
directed by diverse guidance cues (Peyre et al., 2015). 

Throughout the extended period of cortical interneuron 
development, including their progenitor state as well as their 
prolonged post-mitotic migration, cell survival has to be regu-
lated and maintained. Misguided targeting or other defects in 
migration of immature cortical interneurons could induce cell 
death by activating intrinsic cascades (Uribe and Wix, 2012). 
Upon reaching their final position cortical interneurons lose 
their migratory morphology, form axons and dendrites as well 
as synaptic contacts (Wamsley and Fishell, 2017). At postnatal 
stages the fine-tuning of interneuron numbers occurs through 

intrinsically determined apoptotic events (Southwell et al., 
2012), diminishing improperly or non-connected cells to en-
sure inhibitory network establishment and functionality. 

In addition to its relevance during development, survival reg-
ulation of cortical interneurons is crucial during life time, due 
to their important function in cortical information processing 
(Kepecs and Fishell, 2014). Especially fast-firing interneuron 
subtypes show high energy consumption rates and are exposed 
to extensive oxidative stress (Laughlin et al., 1998; Sullivan and 
O’Donnell, 2012; Kann et al., 2014), which makes them vulner-
able for damage and cell death (Kannan and Jain, 2000). As the 
generation of new neurons at adult stages is highly limited (Ming 
and Song, 2011), matured neurons employ multiple and often re-
dundant strategies to prevent cell death and to promote survival 
(Kole et al., 2013). 

In addition to excitatory cortical neurons, single cell tran-
scriptomic profiling revealed that Dnmt1 is expressed in pro-
genitors as well as in post-mitotic embryonic GABA-expressing 
cells of the cortical interneuron generating domains, the POA 
and MGE (Pensold et al., 2016). This points to a potential func-
tion in the post-mitotic development and maturation of these 
immature cortical GABAergic interneurons. 

Rhee et al. (2012) highlighted in their studies on postnatal eye 
development an increased mortality of retinal interneurons asso-
ciated to a diminished Dnmt1 expression. To approach whether 
DNMT1 promotes the survival and maturation of post-mitot-
ic cortical interneurons, Dnmt1 was conditionally deleted in 
Hmx3-Cre-expressing POA cells in the mouse model (Pensold et 
al., 2016). This post-mitotic deletion caused diminished numbers 
of POA-derived interneurons in the adult cerebral cortex. Phe-
notypic analysis of embryonic stages of Hmx3-Cre/tdTomato/
Dnmt1 wild-type and knockout revealed that the reduced cell 
densities in the adult cortex were due to increased cell death of 
immature embryonic interneurons in basal parts of the telen-
cephalon (Pensold et al., 2016). Dnmt1-deficient cells further 
displayed defective migration due to morphological abnormal-
ities (Pensold et al., 2016). These were characterized by a loss of 
their polarized migratory shape and an adoption of a multipolar 
morphology indicative of precocious maturation. Thereby, Dn-
mt1-deficient cells showed prolonged side-processes, no promi-
nent leading process and increased process branching. 

To approach potential target genes of DNMT1 involved in 
the regulation of interneuron survival, correlative methylome 
and transcriptome analysis by MeDIP and RNA sequencing 
of embryonic FAC-sorted Hmx3-Cre/tdTomato/Dnmt1 wild-
type and knockout cells was performed (Pensold et al., 2016). 
Consistent with the observed morphological abnormalities 
and increased cell death events, many cell death- and cyto-
skeleton-associated genes were changed in expression upon 
Dnmt1 deletion. Among them Pak6 coding for a member of the 
p21-activated kinases (Kumar et al., 2017), was up-regulated in 
expression in Dnmt1-deficient cells (Pensold et al., 2016). 

Potential Downstream Targets of DNMT1 
Mediating the Regulation of Cortical 
Interneuron Survival
PAKs are known to be involved in cell survival regulation as well 
as cytoskeletal rearrangements (Kumar et al., 2017) and PAK6 
was already shown to promote neurite complexity in excitatory 
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cortical neurons (Civiero et al., 2015). Consistently, forced ex-
pression of PAK6 induced by a Pak6-green fluorescent protein 
(GFP) expression construct caused a multipolar morphology of 
embryonic POA-derived cells comparable to the Dnmt1-defi-
cient migrating interneurons (Pensold et al., 2016). In contrast, 
siRNA-mediated Pak6 depletion reduced neurite complexity. 
As several PAKs were reported to influence cell survival (Kumar 
et al., 2017) and as increased cell death was observed in Dn-
mt1-deficient cells that display elevated Pak6 expression levels, it 
was tested whether PAK6 also affects the survival of embryonic 
POA cells (Pensold et al., 2016). To this end, the number of 
TUNEL-positive cells after Pak6 siRNA-mediated knockdown 
was determined. Consistent with the increased rate of cell death 
in Dnmt1-deficient mice, Pak6 depletion diminished the num-
ber of TUNEL-positive cells. Hence, Pak6 represents a potential 
downstream target of DNMT1-dependent transcriptional repres-
sion involved in cell death and cytoskeleton regulation. 

The relevance of PAK6 for proper brain function was al-
ready suggested by in silico studies proposing PAK6 as a po-
tential candidate for epileptic encephalopathy (Oliver et al., 
2016) and gene deletion resulted in deficits in learning, mem-
orizing and movement (Nekrasova et al., 2008; Furnari et al., 
2013) underlying the physiological relevance of DNMT1-de-
pendent regulation of Pak6 expression.

In regard to cell death regulation, some members of the PAK 
family including PAK6 were already shown to regulate the 
function of proteins of the BCL2 family like BAD (Schürmann 
et al., 2000; Tang et al., 2000; Zhang et al., 2010; Ye et al., 2011) 
and BCL6 (Barros et al., 2009) by phosphorylation. Both factors, 
BAD and BCL6, regulate pro-apoptotic and pro-survival effects 
in various cell types including neurons (Hatok and Racay, 2016). 
Interestingly, we detected a significantly altered expression of 
Bcl6 in Dnmt1-deficient POA-derived interneurons (unpublished 
data), indicating that DNMT1 controls different factors of the 
survival-regulating network. 

Furthermore, phosphorylation by PAKs was also shown to 
regulate the activity of mitogen-activated protein (MAP) kinas-
es that in turn activate programmed cell death pathways (Déléris 
et al., 2011; De la Mota-Peynado et al., 2011; Qing et al., 2012). 
Some transcripts of MAP-kinases (MAPKs) we found up-regu-
lated in Dnmt1-deficient mice (unpublished data). This includes 
Mapk4, encoding for the atypical MAP-kinase ERK3, which was 
already shown to be activated by PAK1-mediated phosphoryla-
tion and to activate downstream kinases (Déléris et al., 2011; De 
la Mota-Peynado et al., 2011). Furthermore, RNA-sequencing 
revealed an increased expression of Map3k5 in Dnmt1 knock-
out cells (unpublished data), coding for the MAPK-kinase-ki-
nase apoptosis signal regulating kinase 1 (ASK1) (Pensold et 
al., 2016). In neurons ASK1 is associated with the regulation of 
JNK/p38/MAPK-mediated apoptotic processes (Tobiume et al., 
2001; Nishitoh et al., 2002). However, whether PAK6 indeed 
activates specific MAPKs is not yet investigated, but it was al-
ready proposed by others (Lee et al., 2002; Déléris et al., 2011).

Taken together, the elevated Pak6 expression in Dnmt1-de-
ficient immature cortical interneurons could lead to enhanced 
phosphorylation levels of BCL2 family members and MAPKs, 
which could be involved in mediating the increased cell mortality 
seen in Dnmt1 deficient cells. As mitogen activated protein kinas-
es, as well as some BCL2 family members are phospho-regulated, 
further studies determining the phosphorylation levels of relevant 

BCL2 proteins and MAPKs as a function of altered PAK6 expres-
sion levels could shed light on these open questions. Alternatively, 
as it was also shown that PAK6 translocates into the nucleus and 
regulates gene expression through interaction with specific tran-
scription factors (Lee et al., 2002), a potential direct transcription-
al control of Bcl6 or genes encoding for specific MAPKs by PAK6 
is conceivable and under current investigation. 

In addition to Pak6, we also found increased Foxo1 expression 
as one of the cell death-associated transcripts in Dnmt1 deficient 
cells of the interneuron generating Hmx3-expressing cell popula-
tion from the POA (unpublished data). Foxo1 encodes for a “pi-
oneer” transcription factor that is also able to bind to condensed 
chromatin regions and regulates gene transcription (Hatta and 
Cirillo, 2007; Zaret and Mango, 2016). Members of the Forkhead 
Rabdomyosarcoma (FoxO) transcription factor family can be ac-
tivated by MAPK-mediated phosphorylation (Asada et al., 2007), 
but also by serine/threonine protein kinases as it was already 
shown for PAK1 (Mazumdar and Kumar, 2003; de la Torre-Ubi-
eta et al., 2010). They contribute to the regulation of a variety 
of genes, including genes encoding for different pro-apoptotic 
factors, via the dynamic modulation of chromatin states (Fu and 
Tindall, 2008). Recently it was also shown that FOXO1 together 
with the protein kinase MST1 triggers cell death in cerebellar 
granular neurons (Yuan et al., 2009). Thus, the repression of 
Foxo1-mediated by DNMT1 might be relevant for the survival 
of embryonic POA-derived interneurons, possibly together with 
the repression of Pak6 and therefore a PAK6 dependent phos-
pho-activation. However, this requires further investigations to 
uncover potential interrelationships.

All together, these data emphasize the relevance of DNMT1 
for regulating the expression of genes as part of a complex net-
work involved in the regulation of cell death and survival in em-
bryonic post-mitotic neurons, which is summarized in Figure 1.

Potential Crosstalk of DNMTs with Histone 
Modifications in Cell Death Regulation
In addition to their canonical function performing DNA meth-
ylation, DNMTs were described to influence transcription 
through interactions with histone modifications (Du et al., 
2015). To explore, whether DNMT1 regulates Pak6 expression 
through its DNA-methylating activity in post-mitotic inter-
neurons, MeDIP-sequencing of FACS-enriched embryonic 
Dnmt1-deficient and wild-type cells was applied (Pensold et al., 
2016). In contrast to changes in gene expression, no differences 
in the methylation level between wild-type and Dnmt1 knock-
out samples were detected, neither in Pak6 gene locus, nor up- 
or downstream (Pensold et al., 2016). Consistently, elevated 
Pak6 expression levels in a neuroblastoma cell culture model 
(N2a cells) were only observed after siRNA-mediated Dnmt1 
depletion but not after inhibiting the DNA-methylating activ-
ity of DNMTs by RG108 (Pensold et al., 2016). This indicates 
that direct DNA methylation of Pak6 is not the way of action 
by which DNMT1 regulates its transcription. Moreover, for all 
transcription factors with predicted binding sites in the Pak6 
gene locus, no changes in DNA methylation were identified in 
post-mitotic interneurons that correlated with transcriptional 
alterations (Pensold et al., 2016). This implies that DNMT1 
modifies Pak6 gene expression in developing interneurons 
through non-canonical actions, potentially via crosstalk with 
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histone-modifying enzymes. 
Interactions between DNA methylation and histone modifi-

cations were already shown to be partially regulated by meth-
ylcytosin binding proteins, recruiting histone deacetylases to 
methylated DNA sequences (Jones et al., 1998; Nan et al., 1998). 
Acetylations at histones H3 and H4 are associated with higher 
gene accessibility compared to non-acetylated histones (Eber-
harter and Becker, 2002). Furthermore, there is also evidence 
that DNA methylation inhibits permissive and supports repres-
sive histone methylation to ensure gene silencing (Hashimshony 
et al., 2003; Lande-Diner et al., 2007). Recent studies revealed 
that there are direct interactions between DNA-methylating 
and histone-modifying enzymes via specific binding domains, 
possibly regulating the recruitment of proteins to complexes and 
mediating the catalytic activity of their binding partners (Viré et 
al., 2006; Smallwood et al., 2007; Clements et al., 2012).

For instance, DNMT1 was shown to interact with EZH2 (Viré 
et al., 2006; Ning et al., 2015; Purkait et al., 2016), the core 
enzyme of the polycomp repressor complex 2. PCR2 mediates 
repressive trimethylations on lysine 27 at the N terminal amino 
acid tail of histone 3 (H3K27me3) (Margueron and Reinberg, 

2011). It was reported that EZH2 is able to recruit DNMT1 to 
polycomp target genes (Viré et al., 2006; Ning et al., 2015), but 
does not alter the expression level of the DNA methyltransfer-
ase (Purkait et al., 2016). In contrast, manipulation of DNMT1 
function or expression was found to be associated with changes 
in EZH2 expression levels as well as the occurrence of H3K27 
trimethylation (So et al., 2011; Purkait et al., 2016). Inhibiting 
DNMT1 enzymatic function by 5-azacytidine or reducing 
Dnmt1 expression by target-specific siRNAs decrease the ex-
pression levels of PCR2 components (So et al., 2011). Addi-
tionally, an enhanced expression of miRNAs was detected, that 
target polycomp repressor complex proteins (So et al., 2011). 
Gain or loss of function experiments of PCR2 components like 
EZH2 as well as SUZ12 and EED already revealed an epigenetic 
control of Pak6 expression by H3K27 trimethylation in hepato-
ma cells (Liu et al., 2015). In addition, further studies suggested 
an epigenetic control of Pak6 transcript level by miRNAs (Cai 
et al., 2015), which were already shown to be regulated by DNA 
methylation activity (Han et al., 2007; Lujambio et al., 2008).

Taken together, in POA-derived interneurons DNMT1 could 
indirectly repress Pak6 expression by facilitating the assembly of 
H3K27 trimethylation in Pak6 promoter regions, either through 
modulating Ezh2 expression and other PCR2 components or by 
promoting PCR2 function. To what extent the Pak6 expression is 
indeed regulated via crosstalk of DNMT1 with EZH2 in neurons 
modulating repressive histone lysine methylation is subject of 
current studies. Beyond that, a possible contribution of specific 
DNMT1-dependent miRNAs in regulating Pak6 expression is 
also under investigation.

However, polycomb-induced repression by H3K27 trimethyl-
ation was shown to be easily reversible and PC-target genes are 
often marked bivalently by co-occurrence of H3K27me3 and 
H3K4me/me2/me3 to realize an optimal transition between re-
pressive and active transcriptional states (Bernstein et al., 2006; 
Barski et al., 2007; Mikkelsen et al., 2007; Pan et al., 2007; Voigt 
et al., 2013). H3K4 mono-, di- and trimethylation are regulated 
by the MLL complex 1 and 2, consisting of the respective his-
tone methyltransferases MLL1 and MLL2 (KMT2B) as well as 
other regulatory proteins like WDR5 and ASH2 that mediate 
complex stability, specificity and efficiency (Zhang et al., 2012; 
Carbonell et al., 2013; Jiang et al., 2013).

In support of this bivalent model of chromatin state, we detect-
ed increased transcript levels of Kmt2d (also known as MLL2) in 
Dnmt1-deficient cells (unpublished data). Kmt2d encodes for a 
histone methyltransferase which is the core enzyme of the MLL2 
complex regulating mono- and dimethylation of H3K4, which 
are associated with activated gene transcription (Froimchuk 
et al., 2017). Furthermore, reduced expression of Cul4b in Dn-
mt1-deficient cells points to a possible contribution of an altered 
H3K4 methylation status in DNA methylation-independent 
transcriptional changes in developing Dnmt1-deficient interneu-
rons (unpublished data). Cul4b encodes for a small scaffold pro-
tein in the E3 ubiquitin-protein ligase complex targeting WDR5, 
which is one part of the MLL complex that promotes permissive 
H3K4 trimethylation (Nakagawa and Xiong, 2011). Apart from 
that, reduced Cul4b expression was also shown to result in a 
decreased retention of the SIN3A/HDAC complex followed by 
increasing acetylation of histone 3 and 4 (Ji et al., 2014). Histone 
acetylation facilitates transcriptional expression of respective 
genes (Eberharter and Becker, 2002) and could contribute to an 

Figure 1 DNA methyltransferase 1 (DNMT1) promotes the survival 
of immature migrating inhibitory interneurons of the cerebral 
cortex.
DNMT1 seems to inhibit the expression of pro-apoptotic genes of 
the PAK family like Pak6 as well as genes encoding for MAP-kinases 
(MAPK) and BCL2 family members to ensure the proper survival and 
typical migratory phenotype of immature interneurons with leading 
and trailing process (DNMT1 wild type (WT)). Furthermore, DNMT1 
seems to repress transcription factors like FOXO1 with potential im-
pact on cell death induction. Dnmt1 deletions abolish the repression of 
these pro-apoptotic genes resulting in increased expression in migrat-
ing interneurons during development (DNMT1 knockout (KO)). The 
subsequent activation of each other and downstream signaling path-
ways by phosphorylation events could facilitate morphological defects 
and results in increased mortality. 
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overall open chromatin state enabling abnormal Pak6 expression 
in migrating POA-deriving interneurons after Dnmt1 deletion. 
Hence, DNMT1-dependent repression of Pak6 gene transcrip-
tion in immature cortical interneurons could be mediated by 
hampering the establishment of active histone marks like H3K4 
methylation or histone acetylation. Together these studies em-
phasize the complexity of epigenetic transcriptional networks in 
regulating cell viability and highlight a pivotal role of DNMT1 in 
the regulation of survival genes in immature cortical interneu-
rons. Further studies on DNMT1-dependent changes of histone 
H3 lysine 4 methylation as well as of acetylation at histone 3 and 
4 could give us more insights into the methylation-independent 
activities of the DNA methyltransferase 1. 

The Role of DNA Methylation Mediating 
Neuronal Survival in the Adult and Diseased 
Brain
In contrast to studies on immature developing neurons it was 
reported that in adult mice degeneration and apoptosis of motor 
neurons is caused by an aberrant high DNA methylation state 
through increased expression of DNMT1 and DNMT3a in a 
disease-relevant background (Chestnut et al., 2011). Although 
context-dependently different, alterations in DNA methylation 
seem to also play a fundamental role in the adult nervous system 
and in the etiology of neuropsychiatric disorders. While DNA 
demethylation of neuronal cell death-associated genes together 
with neuronal cell loss were related with major depression disor-
der (Duman, 2009; Xin et al., 2013; Chen et al., 2014), increased 
Dnmt1 expression and subsequently elevated DNA methylation 
levels were observed in cortical interneurons of patients diag-
nosed with schizophrenia (Costa et al., 2003; Veldic et al., 2004; 
Ruzicka et al., 2007). Thereby, increased methylation was report-
ed for genes like Reln and Gad1 encoding for transcripts associ-
ated to GABAergic neurotransmission and interneuron function 
(Costa et al., 2003; Veldic et al., 2004; Ruzicka et al., 2007). The 
changed methylation patterns correlate with reduced expression 
of these genes pointing to impaired interneuron function (Costa 
et al., 2003; Veldic et al., 2004; Ruzicka et al., 2007). Disruption 
of GABAergic interneuron functionality has been associated 
with the pathophysiology of schizophrenia as well as of other 
psychological disorders including autism and epilepsy (Costa et 
al., 2003; Veldic et al., 2004; Levitt, 2005; Konradi et al., 2011a, b; 
Marín, 2012). In addition to the reported transcriptional changes 
caused by altered DNA methylation, a significant layer-specific 
loss of interneurons as well as of projection neurons was found 
in post-mortem studies of schizophrenia patients (Benes et al., 
1991, 1998). These findings suggest that DNMT1 might indi-
rectly influence  interneuron survival possibly by impairing their 
functionality. Moreover, a death receptor pathway was recently 
shown to be implicated in the pathology of schizophrenia (Catts 
and Weickert, 2012). Whether the reported hypermethylation in 
schizophrenia patients (Veldic et al., 2004; Ruzicka et al., 2007; 
Catts and Weickert, 2012) also affects the transcriptional activity 
of gene promoters of respective death receptors, similar to how 
it was shown for cancer cells (van Noesel et al., 2002; Petak et al., 
2003), needs to be investigated. The transcriptional regulation 
by DNA methylation in cortical interneurons in disease-relevant 
contexts  reported so far mostly refers to genes relevant for brain 
development and physiology including neuronal activity (Costa 

et al., 2003; Veldic et al., 2004; Ruzicka et al., 2007). The modu-
lation of signal transmission, synaptic plasticity and membrane 
excitability by DNMT1 was also reported in cortical excitatory 
neurons under normal conditions (Levenson et al., 2006; Feng 
et al., 2010; Meadows et al., 2016). That neuronal activity is 
closely linked to neuron survival has already been shown in 
various studies (Pfisterer and Khodosevich, 2017; Rozycka and 
Liguz-Lecznar, 2017). Hence, DNMT-dependent DNA methyl-
ation could regulate cell death in the healthy and diseased adult 
brain indirectly by affecting the expression of genes involved in 
synaptic neurotransmission. 

Elevated Dnmt1 expression in cortical interneurons is also 
related to the pathogenesis of mental impairments and psycho-
sis due to neural injury and drug abuse (Veldic et al., 2005; Gui-
dotti et al., 2007; Lewis et al., 2012; Moore et al., 2013). Hence, 
the modulation of DNMT1 expression and function seems to 
be important for proper neuronal network performance and 
the functionality of the adult brain with potential impact on 
neuronal survival. 

DNA Methylation in the Aging Brain
In addition to the developing and adult brain, dynamic changes 
in DNA methylation landscape were observed during aging 
including a global hypomethylation (Bollati et al., 2009; Shi-
moda et al., 2014; Lardenoije et al., 2015; Moore et al., 2016) 
with site-specific hypermethylation predominantly in promoter 
regions (Xu et al., 2007; Numata et al., 2012). Dynamic changes 
in methylation, not restricted to neurons, even enable the use of 
methylation marks to predict the age of the organism very exact-
ly (Horvath, 2013; Moore et al., 2016).

These data point to a relevance of DNA methylation and 
demethylation for the age-associated alterations of the brain in-
volving decreased functionality and neurodegeneration of par-
ticular neuronal subsets. In the cerebral cortex, we (unpublished 
data) and others found reduced densities of cortical interneuron 
numbers (Pugliese et al., 2004; Hua et al., 2008). Due to their 
important function for cortical information processing, this loss 
of interneurons likely contributes to the cognitive decline and 
somato-motoric defects observed in elderly. Many of the genes 
that are hypermethylated in the aged brain are implicated in neu-
rodevelopmental functions (Siegmund et al., 2007; Rakyan et al., 
2010). Hypermethylation mostly correlates with gene silencing 
(Mo et al., 2015). Consistently, aging, especially of the cerebral 
cortex, is rather associated with transcriptional repression than 
induction (Xu et al., 2007). Thereby, the targets of age-associated 
gene silencing are implicated in synaptic function and plastici-
ty (Jiang et al., 2001; Lu et al., 2004), which is closely linked to 
neuronal survival (Bito and Takemoto-Kimura, 2003; Segal, 
2010). As DNMT1 modulates synaptic plasticity often through 
regulation of the brain derived neurotrophic factor (Martinowich 
et al., 2003; Levenson et al., 2006; Feng et al., 2007), it may play 
indirectly a role in the long-term survival of neurons.

However, the underlying mechanisms of neuronal aging that 
can culminate in neuronal death or neurodegeneration seem 
manifold. They involve oxidative stress, disturbed calcium ho-
meostasis, chromosomal instability, impaired DNA repair, and 
the accumulation of nuclear and mitochondrial DNA damage 
(Chouliaras et al., 2010) contributing either individually or 
combined to the age-associated cell death in the central nervous 
system. Although in cancer cells DNMT1 was already reported 



1773

Symmank and Zimmer. / Neural Regeneration Research. 2017;12(11):1768-1775.

to function coordinately with the DNA damage repair machin-
ery (Jin and Robertson, 2013), potential involvements in regu-
lating neuronal aging-related cell death still remains elusive.

Another aspect is the age-associated decrease in enzymatic 
activity described for DNMT1 (Casillas et al., 2003), which is 
consistent with the global hypomethylation shown for the aging 
brain (Bollati et al., 2009; Shimoda et al., 2014; Lardenoije et 
al., 2015). Moreover, in patients diagnosed with Alzheimer´s 
disease, an age-related neurodegenerative disorder, 5-methyl-
cytosine (5mC) immunoreactivity in neurons of post-mortem 
cortical tissue was found significantly reduced compared to age-
matched controls (Mastroeni et al., 2010). As the levels of 5mC 
inversely correlate with the markers of late-stage neurofibrillary 
tangles in the same neurons, a significant global loss of 5mC 
was suggested to take place in brains of Alzheimer´s patients 
(Mastroeni et al., 2010). As active ways of DNA demethylation 
have been described for differentiated cells (Bhutani et al., 2011; 
Chen and Riggs, 2011), the age-associated inability to re-estab-
lish the methylation pattern upon DNA demethylation could 
be involved in the regulation of long-term neuronal survival 
and age-associated neurodegeneration. Similar to studies in the 
developing brain, potential interactions of DNMTs with histone 
modifications could further contribute to the regulation of neu-
ronal function and survival upon aging. 

Conclusion
Taken together, these studies underline a dynamic and complex 
network of DNMT-dependent regulation of neuron survival 
during development, in adults, during aging and in related 
diseases. Thereby, the functions and mode of actions seem to 
differ at the distinct stages of life, emphasizing the relevance of 
context-specific epigenetic regulation. Hence, the development 
of therapeutic strategies necessitates the consideration of cell 
and stage-specific approaches, which are based on the detailed 
and context-specific analysis of the epigenetic transcriptional 
networks.
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