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Abstract: Background: The transcriptional control of neuronal specification and early develop-
ment has been intensively studied over the past few decades. However, relatively little is known 
about transcriptional programs associated with the maintenance of terminally differentiated  
neuronal cells with respect to their functions, structures, and cell type-specific identity features.  

Methods: Notably, largely because of the recent advances in related techniques such as next genera-
tion sequencing and chromatin immunoprecipitation sequencing, the physiological implications of 
system-wide regulation of gene expression through changes in chromatin states have begun to be 
extensively studied in various contexts and systems, including the nervous system.  

Results: Here, we attempt to review our current understanding of the link between chromatin 
changes and neuronal maintenance in the period of life after the completion of neuronal develop-
ment. Perturbations involving chromatin changes in the system-wide transcriptional control are 
believed to be closely associated with diverse aspects of neuronal aging and neurodegenerative 
conditions.  

Conclusion: In this review, we focused on heterochromatin and epigenetic dysregulation in  
neurodegenerative conditions as well as neuronal aging, the most important risk factor leading to 
neuronal degeneration, in order to highlight the close association between chromatin changes and 
neuronal maintenance. Lastly, we reviewed the currently available and potential future applications 
of pharmacological control of the chromatin states associated with neuronal maintenance. 

Keywords: Epigenetic changes, heterochromatin formation, histone, neurodegenerative disease, neuronal aging, neuronal 
maintenance. 

1. INTRODUCTION 

 Once terminally differentiated, neurons acquire many 
common properties, such as the ability to actively secrete 
and re-uptake molecules, undergo rapid changes in mem-
brane potential, and dynamically change their terminal struc-
tures for forming synapses with other neurons and excitable 
cells (e.g., neuromuscular junction). Interestingly, these 
common properties lie within certain homeostatic ranges, 
indicative of the presence of certain types of maintenance  
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mechanisms in neurons (reviewed in [1]). This, in turn, 
means that any perturbation of these mechanisms during 
neuronal aging or in neurodegenerative conditions may be a 
major contributor to the manifested neuronal phenotypes. At 
this point, it should also be noted that there exist tremen-
dously diverse types of neurons that maintain their own 
unique identity features (e.g., the cell-type specificity of se-
creted neurotransmitters) for up to many decades, an ability 
that should be added to the list of the commonly shared 
properties described above (reviewed in [1]). These neuron 
type-specific identity features are thought to be largely de-
pendent on corresponding gene expression profiles, given 
that all neurons in the body of an animal share the same ge-
nomic information (i.e., the same DNA) [2, 3]. With respect 
to expression, chromatin changes able to confer diversity to 
neuronal gene expression patterns (reviewed in [4]) appears 
to be one crucial factor regulating the maintenance of these 
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neuronal cell type-specific identity features. Interestingly, a 
constantly growing literature indicates that chromatin 
changes may also contribute to the neuronal maintenance of 
certain properties commonly shared by neurons, such as syn-
apse formation (reviewed in [5]). Thus, chromatin states may 
be involved in regulating two distinctive features of neuronal 
maintenance, namely specifying and maintaining unique 
identity features of each neuronal type, and maintaining the 
common properties of neurons regardless of their cell type. 

 Chromatin is found in two forms, transcriptionally active 
accessible euchromatin and transcriptionally silenced, tightly 
packaged heterochromatin, with transitions between these 
two states known to be primarily mediated by epigenetic 
mechanisms. There are two major types of epigenetic 
mechanisms, namely DNA CpG methylation and histone 
modification [6]; these are mediated by the combinatorial 
actions of many different classes of regulator molecules, 
such as DNA methyltransferases (DNMTs), histone acetyl-
transferases (HATs), and histone deacetylases (HDACs) [7]. 
Chromatin changes can also be mediated by ATP-dependent 
chromatin remodeling complexes (reviewed in [8]). Notably, 
and largely because of recent advances in related techniques, 
the physiological implications of system-wide regulation of 
gene expression through chromatin changes have begun to 
be extensively studied in various contexts and systems, in-
cluding the nervous system (reviewed in [4]). In the follow-
ing sections, we review the chromatin changes in two closely 
related neuronal conditions resulting from failures in neu-
ronal maintenance, namely neurodegenerative diseases and 
neuronal aging, and discuss the pharmacological application 
of epigenetic drugs to treat these conditions. 

2. HETEROCHROMATIN DYSREGULATION IN 
NEURODEGENERATIVE DISEASES 

 Maintenance of the heterochromatin and euchromatin 
states is crucial for gene regulation and genome stability. 
Histone hypoacetylation, methylation of histone H3 on ly-
sine 9 (H3K9me), presence of HP1 (heterochromatin protein 
1), and cytosine methylation are the epigenetic markers of 
heterochromatin [9]. In addition, a series of protein compo-
nents, such as histone H3K9 methyltransferases and the HP-
1-binding protein, ATRX (alpha thalassemia/mental retarda-
tion X linked), have been implicated in heterochromatin 
formation [10, 11]. Given the essential roles of heterochro-
matin in gene regulation and genome stability, it comes as no 
surprise that a number of human diseases are connected to 
dysregulation of heterochromatin [12]. Notably, both abnor-
mal condensation and relaxation of heterochromatin have 
been linked to neurodegenerative diseases (Fig. 1). 

 In patients with Huntington’s disease (HD) and trans-
genic HD mice, the expression of the ERG-associated pro-
tein with SET domain (ESET; also known as SETDB1), a 
histone H3K9 methyltransferase, and the abundance of his-
tone H3 trimethylated on lysine 9 (H3K9me3) are markedly 
increased [13]. In the same study, suppression of the in-
creased H3K9me3 level by down-regulating ESET expres-
sion rescues the neurological phenotypes of the HD-model 
mice [13]. Another study showed that mutant Huntingtin 
(mtHtt), which contains an expanded polyglutamine (polyQ) 
repeat sequence, induces expression of ATRX [14], a DNA-

dependent ATPase/helicase with chromatin remodeling ac-
tivity that belongs to the SNF2 family [15, 16]. ATRX over-
expression induces condensation of pericentromeric hetero-
chromatin in mammalian cells, while knockdown of Droso-
phila ATRX reduces the toxicity of mtHtt in a Drosophila 
HD model [14]. Thus, it seems likely that ATRX contributes 
to the pathogenesis of HD by regulating heterochromatin 
condensation. As a whole, these studies suggest that abnor-
mal heterochromatin condensation induced by mtHtt may be 
an important event in the pathogenesis of HD. 

 Aberrant heterochromatin changes have also been impli-
cated in Parkinson’s disease (PD). In a PD mouse model 
generated by injecting 6-hydroxydopamine (6-OHDA) into 
the brain, the induced neuronal loss was accompanied by 
disruption of heterochromatin marks, such as lower 
H3K9me3 and H3K27me3 levels and reduced size of 4ʹ,6-
diamidino-2-phenylindole-dense spots in the dopaminergic 
neurons [17], whereas a second brain injection with the En-
grailed homeoprotein, which has been associated with PD 
[18, 19], suppressed the 6-OHDA-induced heterochromatin 
loss [17]. Moreover, the same study identified several chro-
matin remodeling-associated genes, including suv39h2 and 
phf1, as differentially expressed genes in Engrailed1 het-
erozygous mouse. However, the molecular mechanisms 
through which Engrailed contributes to heterochromatin 
maintenance are yet to be uncovered. 

 In Alzheimer’s disease (AD), the microtubule-associated 
tau protein, which is the major component of neurofibrillary 
tangles, acts as a downstream effector of amyloid β to induce 
neurotoxicity via various mechanisms [20]. One of these is 
its role in heterochromatin formation [21, 22]. Besides its 
microtubule-associated functions, nuclear tau protein binds 
to pericentromeric DNA [23] and regulates the integrity of 
neuronal pericentromeric heterochromatin [22]. In addition, 
global heterochromatin loss has been observed in the brains 
of AD patients, as well as in those of tau transgenic flies and 
mice [21]. Moreover, the tau-induced heterochromatin re-
laxation results in the aberrant expression of heterochromatic 
genes that have been suggested to induce apoptosis of neu-
rons via promoting erroneous cell cycle reentry, such as piwi 
like RNA-mediated gene silencing 1 (PIWIL1) [21, 24]. 
More recently, it was reported that lamin dysfunction in-
duced by tau is responsible for heterochromatin relaxation 
and cell cycle reentry in neurons [25]. As a whole, these data 
suggest that tau, a major player in AD, may perform impor-
tant functions in maintaining heterochromatin structure; dis-
ruption of heterochromatin by aberrant tau regulation seems 
to be a critical step in AD pathogenesis. 

3. EPIGENETIC CHANGES UNDERLYING 
DEFECTIVE SYNAPSE FUNCTION CAUSED BY 
NEURONAL AGING AND NEURODEGENERATIVE 
DISEASES 

 In addition to heterochromatin dysregulation, neuronal 
aging and neurodegenerative diseases are accompanied by 
shifts in the epigenetic signatures [26]. For example, in aging 
rodent cerebral cortex and hippocampus, the open chroma-
tin-associated H4 acetylation decreases, while methylated 
H3K9, a repressive chromatin marker, is up-regulated [27]. 
Another study reported that the brains of senescence-
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accelerated prone mice show reduced levels of certain tran-
scriptional markers, such as the monomethylated histone 
H4K20 and trimethylated H3K36, and a concomitant in-
crease in the level of the repressive marker, H3K27me3 [28]. 
Moreover, memory disturbances in a mouse model of aging 
brain were shown to be associated with altered hippocampal 
chromatin plasticity attributed to deregulated H4K12 acety-
lation [29]. Similar to these results in aged mice, an APP-
PS1 transgenic mouse model for AD showed impaired in-
duction of H4 acetylation following fear-dependent learning 
[30], and AD-related cognitive deficits in aged AD mice 
were ameliorated by reducing HDAC6 [31]. In addition, a 
recent study analyzing postmortem human brain and mouse 
brain samples reported the accumulation of a variant histone 
H3.3 with age along with a concomitant decrease in canoni-
cal histones (H3.1 and H3.2) [32]. However, the exact causal 
relationship between neuronal aging or neurodegenerative 
diseases and epigenetic changes remains elusive. 

 Notably, two of the most prominent phenotypes of aging 
animals, namely cognitive decline and loss of motor func-
tion, involve degradation of proper neuronal functions (re-
viewed in [5]) similar to what can occur in neurodegenera-
tive diseases. Among many neuronal features, defects in 
synapse function and structure have been well described in 
aging animals, and are suspected as a crucial contributor to 
the age-related decline in cognitive and memory functions 
(reviewed in [5, 33]). Indeed, aging and neurodegenerative 
diseases have been shown to cause obvious dendrite aberra-
tion in the neurons of model animals [34-36]. Given that proper 
synapse formation requires the meticulous transcriptional 
orchestration of many genes [37], system-wide transcriptional 
dysregulation involving chromatin changes is thought to be a 
crucial contributor to age-associated changes in synapse 
formation. In support of this idea, Guan et al. reported that 
genetic modulation of the HDAC2 level leads to obvious 
changes in the synaptic structure in mouse hippocampus 

 

Fig. (1). Heterochromatin dysregulation in neurodegenerative diseases. Mutant Huntingtin (mtHtt) with expanded polyglutamine repeats 
induces the formation of heterochromatin by activating the expression of heterochromatin-related genes, such as ESET and ATRX. This 
aberrant hypercondensation of chromatin contributes to the pathology of Huntington’s disease by inducing neuronal dysfunction and apopto-
sis. On the contrary, the pathologies of Parkinson’s disease and Alzheimer’s disease are associated with the relaxation of heterochromatin 
that is induced by 6-OHDA and dysregulated tau protein, respectively. The Engrailed protein suppresses the 6-OHDA-induced heterochro-
matin relaxation and neurotoxicity. The dysfunction of lamin caused by pathological tau is responsible for the tau-induced heterochromatin 
relaxation. This chromatin change promotes erroneous cell cycle reentry by inducing aberrant expression of heterochromatic genes, such as 
PIWIL1. ATRX, alpha thalassemia/mental retardation X linked; ESET, ERG-associated protein with SET domain; mtHtt, mutant Huntingtin; 
PIWIL1, piwi like RNA-mediated gene silencing 1; 6-OHDA, 6-hydroxydopamine. 
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Table 1. Selected disease targets and their modulator candidates. 
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[38]. In the same study, overexpression of HDAC2 (but not 
HDAC1) in neurons was shown to decrease dendritic spine 
density, synapse number, and synaptic plasticity, while 
HDAC2 deficiency leads to an increase in synapse number. 
A recent study showed that binding of HDAC2 was higher 
and the levels of H3K9 and H3K14 acetylation were lower at 
the promoter of hippocampal plasticity genes in old mice 
compared to young mice [39]. In the same study, HDAC2 
inhibition suppressed the reduction of the plasticity gene 
expression during aging. Additionally, several other studies 
reported that decreased acetylation of H4K12 and histone 
turnover in aged animals or some neuronal diseases are cor-
related with a decline in activity-dependent synaptic plastic-
ity [32, 40-42]. Thus, collectively, epigenetic changes may 
account, to a certain extent, for certain neuronal phenotypes, 
such as the changes in synapse formation, caused by neu-
ronal aging or neurodegenerative diseases. 

4. PHARMACOLOGICAL CONTROL OF CHROMATIN 
STATES FOR NEURONAL MAINTENANCE 
 Given that pharmacological manipulation of epigenetic 
factors and processes can significantly affect neuronal main-
tenance, the discovery and validation of therapeutic targets 
are of most importance. Among HDACs, HDAC4 may be a 
promising therapeutic target, as its nuclear accumulation 
directly contributes to neurodegeneration in ataxia telangiec-
tasia [43], while HDAC4 downregulation reduces cytoplas-
mic mtHtt aggregate formation and ameliorates the neurode-
generative phenotype in a HD mouse model [44]. Further-
more, deficiency of SIRT1 (it belongs to another class of 
HDACs) in mice microglia, seems to be responsible for age-
related cognitive decline and neurodegeneration [45]. In ac-
cordance with the above results, a variety of HDAC inhibi-
tors, such as sodium butyrate, suberoylanilide hydroxamic 
acid (SAHA, also known as vorinostat), entinostat, 
trichostatin A (TSA), and valproate (VPA), have been dem-
onstrated to reverse memory defects as well as reduce neu-
roinflammation and amyloid plaque accumulation in various 
AD models [30, 46, 47]. In addition, a couple of studies have 
shown that HDAC inhibitors may also be effective in HD 
models [48]. One of the main concerns for the clinical use of 
HDAC inhibitors is, however, their promiscuous inhibitory 
activity, i.e., their ability to inhibit multiple HDAC proteins. 
Therefore, for HD, the discovery of a specific HDAC4 in-
hibitor may hold great potential to mitigate symptoms and 
avoid potential toxicity. For SIRT1, there are many reports 
suggesting that sirtuin-activating compounds (STACs), in-
cluding resveratrol and NAD+, improve organ function, ame-
liorate metabolic disorders, and prolong life [49]. Several 
lines of evidence demonstrate that enzymes of the NAD+ 
metabolic pathway have a key role in peripheral neuropa-
thies [50]; however, it has not been yet investigated whether 
administration of STACs to animal models of neurodegen-
erative diseases has any therapeutic effect. 

 Polycomb repressive complex 2 (PRC2) has been dem-
onstrated to facilitate neural development by repressing non-
neuronal gene expression; this is achieved through the in-
crease of H3K27me3, which is catalyzed by two enzymes of 
the complex, namely EZH1 and EZH2 [51]. Moreover, it has 

been reported that EZH2-mediated increase in H3K27me3 
levels directly contributes to neurodegeneration in ataxia 
telangiectasia [52], suggesting that several potent EZH2 in-
hibitors initially developed as anti-cancer reagents, such as 
GSK126, may be promising therapeutic candidates. Con-
versely, increased expression of proteins belonging to the 
Polycomb group, including EZH2, results in global tran-
scriptional repression and exert a protective effect during 
ischemia and brain seizures [53, 54]. Furthermore, a recent 
study clearly showed that deficiency of EZH1 and EZH2 in 
the adult forebrain leads to the de-repression of genes that 
are detrimental to neurons, resulting in progressive neurode-
generation [55]. 

 Another important transcriptional repressor, the RE1-
silencing transcription factor (REST), is known to be in-
volved in neurodegeneration and neuronal aging. REST is an 
important transcriptional and epigenetic factor for neuronal 
development, acting as a scaffold for HDACs, the histone 
demethylase LSD1, as well as two co-repressors, namely 
mSIN3a/b and coREST. REST and its partners have been 
implicated in the modulation of large numbers of neural 
genes and in cross-talk with the aforementioned Polycomb 
complex [56, 57]. In diseases such as AD, frontotemporal 
dementia, and dementia with Lewy bodies, REST is ex-
cluded from the nucleus of neurons in the hippocampus and 
localizes at autophagosomes, whereas it accumulates in the 
nuclei of the neurons in healthy-aging humans [58]. By con-
trast, mtHtt in HD is not able to sequester REST in the cyto-
plasm, resulting in its translocation to the nucleus and tran-
scriptional dysregulation, which is one of the hallmarks of 
the molecular pathophysiology of HD [59, 60]. These find-
ings suggest that modulating REST and its complex could be 
therapeutically promising; several small-molecule inhibitors 
are now being investigated to target the activity of the REST 
complex [61, 62]. 

 The major concern regarding the use of epigenetic modu-
lator compounds is that the inhibition or augmentation of 
epigenetic factors may affect the global transcriptional pro-
file in various tissues in different ways, even if a certain 
compound modulates a specific protein. To evaluate and 
increase the benefit-risk ratio, careful dosing and long-term 
studies are required before human application. 

CONCLUSION 

 Here, we reviewed current knowledge on the chromatin 
changes associated with neuronal maintenance, and dis-
cussed potential pharmacological applications for neurode-
generative diseases (Table 1). Accumulating evidence sug-
gests that the alteration of heterochromatin structure and the 
subsequent dysregulation of gene expression profiles may be 
responsible for failures in neuronal maintenance, leading to 
either neuronal aging or neurodegenerative conditions. Nota-
bly, recent technical advances begin to open up the way for 
us to better analyze the relationship between chromatin 
changes and neuronal maintenance. For example, single-cell 
sequencing of the transcriptome and methylome allows us to 
integrate an epigenetic signature with the transcriptional out-
put specifically in a neuron of interest in terms of neuronal 
aging, as was recently shown in studies using an Aplysia 
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model [63, 64]. Also, the Hi-C technique for “capturing” the 
conformation of genomes, which was presented in 2012 [65] 
is expected to prove very useful for monitoring the dynamic 
changes of chromatin states in terms of neuronal mainte-
nance with high accuracy. 

 Lastly, we propose that emphasis should be placed on 
restoring proper transcriptional programming in the various 
neurodegenerative diseases by means of therapeutic inter-
vention including epigenetic medicine, regardless of disease 
etiology. Indeed, the pharmacological modulators for epige-
netic protein complexes are currently being very actively 
explored for the treatment of a variety of neurological dis-
eases. However, it should also be noted that the field of epi-
genetic medicine is still at its dawn, and controversial data 
exist regarding the role of each epigenetic component. For 
this reason, a large number of additional studies are required 
for the practical application of epigenetic medicine in neu-
rodegenerative disease treatment. 

LIST OF ABBREVIATIONS 

AD = Alzheimer’s disease 

ATRX = Alpha thalassemia/mental retardation X 
linked 

H3K9me3 = Histone H3 trimethylated on lysine 9 

HD = Huntington’s disease 

HDAC = Histone deacetylase 

mtHtt = Mutant huntingtin 

CONSENT FOR PUBLICATION 

 Not applicable. 

CONFLICT OF INTEREST 

 The authors declare no conflict of interest, financial or 
otherwise. 

ACKNOWLEDGEMENTS 

 Regarding author contributions, Sunhong Kim, Kyoung 
Sang Cho, and Sung Bae Lee designed the review, and Jang 
Ho Lee, Jeong-Hoon Kim, Sunhong Kim, Kyoung Sang Cho 
and Sung Bae Lee wrote the manuscript. This work was sup-
ported by the DGIST R&D and MIREBraiN program, Basic 
Science Research Program through the ministry of science, 
ICT & future planning of Korea (17-BD-0402, 17-BT-02, 
17-01-HRSS-02); the Development of Platform Technology 
for Innovative Medical Measurements Program from the 
Korea Research Institute of Standards and Science (KRISS-
2017-GP2017-0020) (S.B.L.); the Basic Science Research 
Program of the National Research Foundation of Korea 
funded by the Ministry of Education, Science, and Technol-
ogy (2014R1A1A2056768, 2017R1A2B4004241) (K.S.C); 
the Korea Health Technology Research & Development Pro-
ject, Ministry of Health & Welfare, Republic of Korea 
(HI12C1472) (K.S.C); KRIBB initiative program (Jeong-
Hoon Kim and Sunhong Kim). 

REFERENCES 
[1] Deneris, E.S.; Hobert, O. Maintenance of postmitotic neuronal cell 

identity. Nat. Neurosci., 2014, 17(7), 899-907. [http://dx.doi.org/ 
10.1038/nn.3731] [PMID: 24929660] 

[2] Hobert, O.; Carrera, I.; Stefanakis, N. The molecular and gene 
regulatory signature of a neuron. Trends Neurosci., 2010, 33(10), 
435-445. [http://dx.doi.org/10.1016/j.tins.2010.05.006] [PMID: 
20663572] 

[3] Fishell, G.; Heintz, N. The neuron identity problem: form meets 
function. Neuron, 2013, 80(3), 602-612. [http://dx.doi.org/10.1016/ 
j.neuron.2013.10.035] [PMID: 24183013] 

[4] Telese, F.; Gamliel, A.; Skowronska-Krawczyk, D.; Garcia-
Bassets, I.; Rosenfeld, M.G. “Seq-ing” insights into the epigenetics 
of neuronal gene regulation. Neuron, 2013, 77(4), 606-623. [http:// 
dx.doi.org/10.1016/j.neuron.2013.01.034] [PMID: 23439116] 

[5] Azpurua, J.; Eaton, B.A. Neuronal epigenetics and the aging syn-
apse. Front. Cell. Neurosci., 2015, 9(208), 208. [PMID: 26074775] 

[6] Felsenfeld, G. A brief history of epigenetics. Cold Spring Harb. 
Perspect. Biol., 2014, 6(1), a018200. [http://dx.doi.org/10.1101/ 
cshperspect.a018200] [PMID: 24384572] 

[7] Feng, J.; Fouse, S.; Fan, G. Epigenetic regulation of neural gene 
expression and neuronal function. Pediatr. Res., 2007, 61(5 Pt 2), 
58R-63R. [http://dx.doi.org/10.1203/pdr.0b013e3180457635] [PMID: 
17413844] 

[8] Vignali, M.; Hassan, A.H.; Neely, K.E.; Workman, J.L. ATP-
dependent chromatin-remodeling complexes. Mol. Cell. Biol., 
2000, 20(6), 1899-1910. [http://dx.doi.org/10.1128/MCB.20.6.1899-
1910.2000] [PMID: 10688638] 

[9] Richards, E.J.; Elgin, S.C. Epigenetic codes for heterochromatin 
formation and silencing: rounding up the usual suspects. Cell, 
2002, 108(4), 489-500. [http://dx.doi.org/10.1016/S0092-8674(02) 
00644-X] [PMID: 11909520] 

[10] Grewal, S.I.; Moazed, D. Heterochromatin and epigenetic control 
of gene expression. Science, 2003, 301(5634), 798-802. [http://dx. 
doi.org/10.1126/science.1086887] [PMID: 12907790] 

[11] Emelyanov, A.V.; Konev, A.Y.; Vershilova, E.; Fyodorov, D.V. 
Protein complex of Drosophila ATRX/XNP and HP1a is required 
for the formation of pericentric beta-heterochromatin in vivo. J. 
Biol. Chem., 2010, 285(20), 15027-15037. [http://dx.doi.org/10. 
1074/jbc.M109.064790] [PMID: 20154359] 

[12] Hahn, M.; Dambacher, S.; Schotta, G. Heterochromatin dysregula-
tion in human diseases. J. Appl. Physiol., 2010, 109(1), 232-242. 
[http://dx.doi.org/10.1152/japplphysiol.00053.2010] [PMID: 
20360431] 

[13] Ryu, H.; Lee, J.; Hagerty, S.W.; Soh, B.Y.; McAlpin, S.E.; Corm-
ier, K.A.; Smith, K.M.; Ferrante, R.J. ESET/SETDB1 gene expres-
sion and histone H3 (K9) trimethylation in Huntington’s disease. 
Proc. Natl. Acad. Sci. USA, 2006, 103(50), 19176-19181. 
[http://dx.doi.org/10.1073/pnas.0606373103] [PMID: 17142323] 

[14] Lee, J.; Hong, Y.K.; Jeon, G.S.; Hwang, Y.J.; Kim, K.Y.; Seong, 
K.H.; Jung, M.K.; Picketts, D.J.; Kowall, N.W.; Cho, K.S.; Ryu, H. 
ATRX induction by mutant huntingtin via Cdx2 modulates hetero-
chromatin condensation and pathology in Huntington’s disease. 
Cell Death Differ., 2012, 19(7), 1109-1116. [http://dx.doi.org/ 
10.1038/cdd.2011.196] [PMID: 22240898] 

[15] Picketts, D.J.; Higgs, D.R.; Bachoo, S.; Blake, D.J.; Quarrell, 
O.W.; Gibbons, R.J. ATRX encodes a novel member of the SNF2 
family of proteins: mutations point to a common mechanism under-
lying the ATR-X syndrome. Hum. Mol. Genet., 1996, 5(12), 1899-
1907. [http://dx.doi.org/10.1093/hmg/5.12.1899] [PMID: 8968741] 

[16] Xue, Y.; Gibbons, R.; Yan, Z.; Yang, D.; McDowell, T.L.; Sechi, 
S.; Qin, J.; Zhou, S.; Higgs, D.; Wang, W. The ATRX syndrome 
protein forms a chromatin-remodeling complex with Daxx and lo-
calizes in promyelocytic leukemia nuclear bodies. Proc. Natl. 
Acad. Sci. USA, 2003, 100(19), 10635-10640. [http://dx.doi.org/10. 
1073/pnas.1937626100] [PMID: 12953102] 

[17] Rekaik, H.; Blaudin de Thé, F.X.; Fuchs, J.; Massiani-Beaudoin, 
O.; Prochiantz, A.; Joshi, R.L. Joshi, Rajiv L., Engrailed homeo-
protein protects mesencephalic dopaminergic neurons from oxida-
tive stress. Cell Reports, 2015, 13(2), 242-250. [http://dx.doi.org/ 
10.1016/j.celrep.2015.08.076] [PMID: 26411690] 

[18] Haubenberger, D.; Reinthaler, E.; Mueller, J.C.; Pirker, W.; 
Katzenschlager, R.; Froehlich, R.; Bruecke, T.; Daniel, G.; Auff, 
E.; Zimprich, A. Association of transcription factor polymorphisms 



124    Current Neuropharmacology, 2018, Vol. 16, No. 2 Lee et al. 

PITX3 and EN1 with Parkinson’s disease. Neurobiol. Aging, 2011, 
32(2), 302-307. [http://dx.doi.org/10.1016/j.neurobiolaging.2009. 
02.015] [PMID: 19345444] 

[19] Rissling, I.; Strauch, K.; Höft, C.; Oertel, W.H.; Möller, J.C. 
Haplotype analysis of the engrailed-2 gene in young-onset Parkin-
son’s disease. Neurodegener. Dis., 2009, 6(3), 102-105. [http://dx. 
doi.org/10.1159/000207796] [PMID: 19270442] 

[20] Frost, B.; Götz, J.; Feany, M.B. Connecting the dots between tau 
dysfunction and neurodegeneration. Trends Cell Biol., 2015, 25(1), 
46-53. [http://dx.doi.org/10.1016/j.tcb.2014.07.005] [PMID: 25172552] 

[21] Frost, B.; Hemberg, M.; Lewis, J.; Feany, M.B. Tau promotes 
neurodegeneration through global chromatin relaxation. Nat. Neu-
rosci., 2014, 17(3), 357-366. [http://dx.doi.org/10.1038/nn.3639] 
[PMID: 24464041] 

[22] Mansuroglu, Z.; Benhelli-Mokrani, H.; Marcato, V.; Sultan, A.; 
Violet, M.; Chauderlier, A.; Delattre, L.; Loyens, A.; Talahari, S.; 
Bégard, S.; Nesslany, F.; Colin, M.; Souès, S.; Lefebvre, B.; Buée, 
L.; Galas, M.C.; Bonnefoy, E. Loss of Tau protein affects the struc-
ture, transcription and repair of neuronal pericentromeric hetero-
chromatin. Sci. Rep., 2016, 6, 33047. [http://dx.doi.org/10.1038/ 
srep33047] [PMID: 27605042] 

[23] Sjöberg, M.K.; Shestakova, E.; Mansuroglu, Z.; Maccioni, R.B.; 
Bonnefoy, E. Tau protein binds to pericentromeric DNA: a putative 
role for nuclear tau in nucleolar organization. J. Cell Sci., 2006, 
119(Pt 10), 2025-2034. [http://dx.doi.org/10.1242/jcs.02907] [PMID: 
16638814] 

[24] Soukup, S.F.; Verstreken, P. PIWIL1 protein power targets tau 
therapy. Nat. Neurosci., 2014, 17(3), 334-335. [http://dx.doi.org/ 
10.1038/nn.3659] [PMID: 24569826] 

[25] Frost, B.; Bardai, F.H.; Feany, M.B. Lamin dysfunction mediates 
neurodegeneration in Tauopathies. Curr. Biol., 2016, 26(1), 129-136. 
[http://dx.doi.org/10.1016/j.cub.2015.11.039] [PMID: 26725200] 

[26] Akbarian, S.; Beeri, M.S.; Haroutunian, V. Epigenetic determinants 
of healthy and diseased brain aging and cognition. JAMA Neurol., 
2013, 70(6), 711-718. [http://dx.doi.org/10.1001/jamaneurol.2013. 
1459] [PMID: 23571692] 

[27] Walker, M.P.; LaFerla, F.M.; Oddo, S.S.; Brewer, G.J. Reversible 
epigenetic histone modifications and Bdnf expression in neurons 
with aging and from a mouse model of Alzheimer’s disease. Age 
(Dordr.), 2013, 35(3), 519-531. [http://dx.doi.org/10.1007/s11357-
011-9375-5] [PMID: 22237558] 

[28] Wang, C.M.; Tsai, S.N.; Yew, T.W.; Kwan, Y.W.; Ngai, S.M. 
Identification of histone methylation multiplicities patterns in the 
brain of senescence-accelerated prone mouse 8. Biogerontology, 
2010, 11(1), 87-102. [http://dx.doi.org/10.1007/s10522-009-9231-
5] [PMID: 19434510] 

[29] Peleg, S.; Sananbenesi, F.; Zovoilis, A.; Burkhardt, S.; Bahari-
Javan, S.; Agis-Balboa, R.C.; Cota, P.; Wittnam, J.L.; Gogol-
Doering, A.; Opitz, L.; Salinas-Riester, G.; Dettenhofer, M.; Kang, 
H.; Farinelli, L.; Chen, W.; Fischer, A. Altered histone acetylation 
is associated with age-dependent memory impairment in mice. Sci-
ence, 2010, 328(5979), 753-756. [http://dx.doi.org/10.1126/science. 
1186088] [PMID: 20448184] 

[30] Francis, Y.I.; Fà, M.; Ashraf, H.; Zhang, H.; Staniszewski, A.; 
Latchman, D.S.; Arancio, O. Dysregulation of histone acetylation 
in the APP/PS1 mouse model of Alzheimer’s disease. J. Alzheimers 
Dis., 2009, 18(1), 131-139. [http://dx.doi.org/10.3233/JAD-2009-
1134] [PMID: 19625751] 

[31] Govindarajan, N.; Rao, P.; Burkhardt, S.; Sananbenesi, F.; 
Schlüter, O.M.; Bradke, F.; Lu, J.; Fischer, A. Reducing HDAC6 
ameliorates cognitive deficits in a mouse model for Alzheimer’s 
disease. EMBO Mol. Med., 2013, 5(1), 52-63. [http://dx.doi.org/ 
10.1002/emmm.201201923] [PMID: 23184605] 

[32] Maze, I.; Wenderski, W.; Noh, K.M.; Bagot, R.C.; Tzavaras, N.; 
Purushothaman, I.; Elsässer, S.J.; Guo, Y.; Ionete, C.; Hurd, Y.L.; 
Tamminga, C.A.; Halene, T.; Farrelly, L.; Soshnev, A.A.; Wen, D.; 
Rafii, S.; Birtwistle, M.R.; Akbarian, S.; Buchholz, B.A.; Blitzer, 
R.D.; Nestler, E.J.; Yuan, Z.F.; Garcia, B.A.; Shen, L.; Molina, H.; 
Allis, C.D. Critical role of histone turnover in neuronal transcrip-
tion and plasticity. Neuron, 2015, 87(1), 77-94. [http://dx.doi.org/ 
10.1016/j.neuron.2015.06.014] [PMID: 26139371] 

[33] Petralia, R.S.; Mattson, M.P.; Yao, P.J. Communication break-
down: the impact of ageing on synapse structure. Ageing Res. Rev., 
2014, 14, 31-42. [http://dx.doi.org/10.1016/j.arr.2014.01.003] [PMID: 
24495392] 

[34] Toth, M.L.; Melentijevic, I.; Shah, L.; Bhatia, A.; Lu, K.; Talwar, 
A.; Naji, H.; Ibanez-Ventoso, C.; Ghose, P.; Jevince, A.; Xue, J.; 
Herndon, L.A.; Bhanot, G.; Rongo, C.; Hall, D.H.; Driscoll, M. 
Neurite sprouting and synapse deterioration in the aging 
Caenorhabditis elegans nervous system. J. Neurosci., 2012, 
32(26), 8778-8790. [http://dx.doi.org/10.1523/JNEUROSCI.1494-
11.2012] [PMID: 22745480] 

[35] Corfas, G.; Dudai, Y. Morphology of a sensory neuron in Droso-
phila is abnormal in memory mutants and changes during aging. 
Proc. Natl. Acad. Sci. USA, 1991, 88(16), 7252-7256. [http://dx. 
doi.org/10.1073/pnas.88.16.7252] [PMID: 1714597] 

[36] Lee, S.B.; Bagley, J.A.; Lee, H.Y.; Jan, L.Y.; Jan, Y.N. Pathogenic 
polyglutamine proteins cause dendrite defects associated with spe-
cific actin cytoskeletal alterations in Drosophila. Proc. Natl. Acad. 
Sci. USA, 2011, 108(40), 16795-16800. [http://dx.doi.org/10.1073/ 
pnas.1113573108] [PMID: 21930920] 

[37] West, A.E.; Greenberg, M.E. Neuronal activity-regulated gene 
transcription in synapse development and cognitive function. Cold 
Spring Harb. Perspect. Biol., 2011, 3(6), a005744. [http://dx.doi. 
org/10.1101/cshperspect.a005744] [PMID: 21555405] 

[38] Guan, J.S.; Haggarty, S.J.; Giacometti, E.; Dannenberg, J.H.; Jo-
seph, N.; Gao, J.; Nieland, T.J.; Zhou, Y.; Wang, X.; Mazitschek, 
R.; Bradner, J.E.; DePinho, R.A.; Jaenisch, R.; Tsai, L.H. HDAC2 
negatively regulates memory formation and synaptic plasticity.  
Nature, 2009, 459(7243), 55-60. [http://dx.doi.10.1007/S12035-017-
0490-x] [PMID: 19424149] 

[39] Singh, P.; Thakur, M.K. Histone deacetylase 2 inhibition attenuates 
downregulation of hippocampal plasticity gene expression during 
aging. Mol. Neurobiol., 2017, 1-11. [http://dx.doi.10.1007/512035-
017-0190-x]. [PMID: 28364391] 

[40] Zeng, Y.; Tan, M.; Kohyama, J.; Sneddon, M.; Watson, J.B.; Sun, 
Y.E.; Xie, C.W. Epigenetic enhancement of BDNF signaling res-
cues synaptic plasticity in aging. J. Neurosci., 2011, 31(49), 17800-
17810. [http://dx.doi.org/10.1523/JNEUROSCI.3878-11.2011] 
[PMID: 22159096] 

[41] Wenderski, W.; Maze, I. Histone turnover and chromatin accessi-
bility: Critical mediators of neurological development, plasticity, 
and disease. BioEssays, 2016, 38(5), 410-419. [http://dx.doi.org/ 
10.1002/bies.201500171] [PMID: 26990528] 

[42] Benito, E.; Urbanke, H.; Ramachandran, B.; Barth, J.; Halder, R.; 
Awasthi, A.; Jain, G.; Capece, V.; Burkhardt, S.; Navarro-Sala, M.; 
Nagarajan, S.; Schütz, A.L.; Johnsen, S.A.; Bonn, S.; Lührmann, 
R.; Dean, C.; Fischer, A. HDAC inhibitor-dependent transcriptome 
and memory reinstatement in cognitive decline models. J. Clin. In-
vest., 2015, 125(9), 3572-3584. [http://dx.doi.org/10.1172/JCI79942] 
[PMID: 26280576] 

[43] Li, J.; Chen, J.; Ricupero, C.L.; Hart, R.P.; Schwartz, M.S.; Kus-
necov, A.; Herrup, K. Nuclear accumulation of HDAC4 in ATM 
deficiency promotes neurodegeneration in ataxia telangiectasia. 
Nat. Med., 2012, 18(5), 783-790. [http://dx.doi.org/10.1038/ 
nm.2709] [PMID: 22466704] 

[44] Mielcarek, M.; Landles, C.; Weiss, A.; Bradaia, A.; Seredenina, T.; 
Inuabasi, L.; Osborne, G.F.; Wadel, K.; Touller, C.; Butler, R.; 
Robertson, J.; Franklin, S.A.; Smith, D.L.; Park, L.; Marks, P.A.; 
Wanker, E.E.; Olson, E.N.; Luthi-Carter, R.; van der Putten, H.; 
Beaumont, V.; Bates, G.P. HDAC4 reduction: a novel therapeutic 
strategy to target cytoplasmic huntingtin and ameliorate neurode-
generation. PLoS Biol., 2013, 11(11), e1001717. [http://dx.doi.org/ 
10.1371/journal.pbio.1001717] [PMID: 24302884] 

[45] Cho, S.H.; Chen, J.A.; Sayed, F.; Ward, M.E.; Gao, F.; Nguyen, 
T.A.; Krabbe, G.; Sohn, P.D.; Lo, I.; Minami, S.; Devidze, N.; 
Zhou, Y.; Coppola, G.; Gan, L. SIRT1 deficiency in microglia con-
tributes to cognitive decline in aging and neurodegeneration via 
epigenetic regulation of IL-1β. J. Neurosci., 2015, 35(2), 807-818. 
[http://dx.doi.org/10.1523/JNEUROSCI.2939-14.2015] [PMID: 
25589773] 

[46] Kilgore, M.; Miller, C.A.; Fass, D.M.; Hennig, K.M.; Haggarty, 
S.J.; Sweatt, J.D.; Rumbaugh, G. Inhibitors of class 1 histone 
deacetylases reverse contextual memory deficits in a mouse model of 
Alzheimer’s disease. Neuropsychopharmacology, 2010, 35(4), 870-
880. [http://dx.doi.org/10.1038/npp.2009.197] [PMID: 20010553] 

[47] Zhang, Z.Y.; Schluesener, H.J. Oral administration of histone 
deacetylase inhibitor MS-275 ameliorates neuroinflammation and 
cerebral amyloidosis and improves behavior in a mouse model. J. 



Chromatin Changes and Neuronal Maintenance Current Neuropharmacology, 2018, Vol. 16, No. 2    125 

Neuropathol. Exp. Neurol., 2013, 72(3), 178-185. [http://dx.doi. 
org/10.1097/NEN.0b013e318283114a] [PMID: 23399896] 

[48] Sadri-Vakili, G.; Cha, J.H. Mechanisms of disease: Histone modi-
fications in Huntington’s disease. Nat. Clin. Pract. Neurol., 2006, 
2(6), 330-338. [http://dx.doi.org/10.1038/ncpneuro0199] [PMID: 
16932577] 

[49] Bonkowski, M.S.; Sinclair, D.A. Slowing ageing by design: the rise 
of NAD(+) and sirtuin-activating compounds. Nat. Rev. Mol. Cell 
Biol., 2016, 17(11), 679-690. [http://dx.doi.org/10.1038/nrm.2016. 
93] [PMID: 27552971] 

[50] Verdin, E. NAD⁺ in aging, metabolism, and neurodegeneration. 
Science, 2015, 350(6265), 1208-1213. [http://dx.doi.org/10.1126/ 
science.aac4854] [PMID: 26785480] 

[51] Corley, M.; Kroll, K.L. The roles and regulation of Polycomb 
complexes in neural development. Cell Tissue Res., 2015, 359(1), 
65-85. [http://dx.doi.org/10.1007/s00441-014-2011-9] [PMID: 
25367430] 

[52] Li, J.; Hart, R.P.; Mallimo, E.M.; Swerdel, M.R.; Kusnecov, A.W.; 
Herrup, K. EZH2-mediated H3K27 trimethylation mediates neu-
rodegeneration in ataxia-telangiectasia. Nat. Neurosci., 2013, 
16(12), 1745-1753. [http://dx.doi.org/10.1038/nn.3564] [PMID: 
24162653] 

[53] Stapels, M.; Piper, C.; Yang, T.; Li, M.; Stowell, C.; Xiong, Z.G.; 
Saugstad, J.; Simon, R.P.; Geromanos, S.; Langridge, J.; Lan, J.Q.; 
Zhou, A. Polycomb group proteins as epigenetic mediators of neu-
roprotection in ischemic tolerance. Sci. Signal., 2010, 3(111), ra15. 
[http://dx.doi.org/10.1126/scisignal.2000502] [PMID: 20197544] 

[54] Reynolds, J.P.; Miller-Delaney, S.F.; Jimenez-Mateos, E.M.; Sano, 
T.; McKiernan, R.C.; Simon, R.P.; Henshall, D.C. Transcriptional 
response of polycomb group genes to status epilepticus in Mice is 
modified by prior exposure to epileptic preconditioning. Front. 
Neurol., 2015, 6(46), 46. [PMID: 25806020] 

[55] von Schimmelmann, M.; Feinberg, P.A.; Sullivan, J.M.; Ku, S.M.; 
Badimon, A.; Duff, M.K.; Wang, Z.; Lachmann, A.; Dewell, S.; 
Ma’ayan, A.; Han, M-H.; Tarakhovsky, A.; Schaefer, A. Polycomb 
repressive complex 2 (PRC2) silences genes responsible for neu-
rodegeneration. Nat. Neurosci., 2016, 19(10), 1321-1330. 
[http://dx.doi.org/10.1038/nn.4360] [PMID: 27526204] 

[56] Qureshi, I.A.; Gokhan, S.; Mehler, M.F. REST and CoREST are 
transcriptional and epigenetic regulators of seminal neural fate de-
cisions. Cell Cycle, 2010, 9(22), 4477-4486. [http://dx.doi.org/ 
10.4161/cc.9.22.13973] [PMID: 21088488] 

[57] Baldelli, P.; Meldolesi, J. The transcription repressor REST in adult 
neurons: physiology, pathology, and diseases. eNeuro, 2015, 2(4), 
ENEURO.0010-15.2015. [http://dx.doi.org/10.1523/ENEURO. 
0010-15.2015] [PMID: 26465007] 

[58] Lu, T.; Aron, L.; Zullo, J.; Pan, Y.; Kim, H.; Chen, Y.; Yang, T-H.; 
Kim, H.M.; Drake, D.; Liu, X.S.; Bennett, D.A.; Colaiácovo, M.P.; 
Yankner, B.A. Rest and stress resistance in ageing and Alzheimer’s 
disease. Nature, 2014, 507(7493), 448-454. [http://dx.doi.org/10. 
1038/nature13163] [PMID: 24670762] 

[59] Soldati, C.; Bithell, A.; Johnston, C.; Wong, K.Y.; Stanton, L.W.; 
Buckley, N.J. Dysregulation of REST-regulated coding and  
non-coding RNAs in a cellular model of Huntington’s disease. J. 
Neurochem., 2013, 124(3), 418-430. [http://dx.doi.org/10.1111/ 
jnc.12090] [PMID: 23145961] 

[60] Zuccato, C.; Tartari, M.; Crotti, A.; Goffredo, D.; Valenza, M.; 
Conti, L.; Cataudella, T.; Leavitt, B.R.; Hayden, M.R.; Timmusk, 
T.; Rigamonti, D.; Cattaneo, E. Huntingtin interacts with 
REST/NRSF to modulate the transcription of NRSE-controlled 
neuronal genes. Nat. Genet., 2003, 35(1), 76-83. [http://dx.doi.org/ 
10.1038/ng1219] [PMID: 12881722] 

[61] Conforti, P.; Zuccato, C.; Gaudenzi, G.; Ieraci, A.; Camnasio, S.; 
Buckley, N.J.; Mutti, C.; Cotelli, F.; Contini, A.; Cattaneo, E. Bind-
ing of the repressor complex REST-mSIN3b by small molecules 
restores neuronal gene transcription in Huntington’s disease mod-
els. J. Neurochem., 2013, 127(1), 22-35. [PMID: 23800350] 

[62] Leone, S.; Mutti, C.; Kazantsev, A.; Sturlese, M.; Moro, S.; Catta-
neo, E.; Rigamonti, D.; Contini, A. SAR and QSAR study on 2-
aminothiazole derivatives, modulators of transcriptional repression in 
Huntington’s disease. Bioorg. Med. Chem., 2008, 16(10), 5695-5703. 
[http://dx.doi.org/10.1016/j.bmc.2008.03.067] [PMID: 18406155] 

[63] Moroz, L.L.; Kohn, A.B. Do different neurons age differently? 
Direct genome-wide analysis of aging in single identified choliner-
gic neurons. Front. Aging Neurosci., 2010, 2(6), 6. [PMID: 
20725513] 

[64] Moroz, L.L.; Kohn, A.B. Single-neuron transcriptome and methy-
lome sequencing for epigenomic analysis of aging. Methods Mol. 
Biol., 2013, 1048, 323-352. [http://dx.doi.org/10.1007/978-1-
62703-556-9_21] [PMID: 23929113] 

[65] Belton, J.M.; McCord, R.P.; Gibcus, J.H.; Naumova, N.; Zhan, Y.; 
Dekker, J. Hi-C: a comprehensive technique to capture the confor-
mation of genomes. Methods, 2012, 58(3), 268-276. [http://dx.doi. 
org/10.1016/j.ymeth.2012.05.001] [PMID: 22652625] 

 

 


