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Abstract

Huntington’s disease (HD) is a devastating and fatal monogenic neurodegenerative disorder 

characterized by progressive loss of selective neurons in the brain and is caused by an abnormal 

expansion of CAG trinucleotide repeats in a coding exon of the huntingtin (HTT) gene. 

Progressive gene expression changes that begin at premanifest stages are a prominent feature of 

HD and are thought to contribute to disease progression. Increasing evidence suggests the critical 

involvement of epigenetic mechanisms in abnormal transcription in HD. Genomewide alterations 

of a number of epigenetic modifications, including DNA methylation and multiple histone 

modifications, are associated with HD, suggesting that mutant HTT causes complex epigenetic 

abnormalities and chromatin structural changes, which may represent an underlying pathogenic 

mechanism. The causal relationship of specific epigenetic changes to early transcriptional 

alterations and to disease pathogenesis require further investigation. In this article, we review 

recent studies on epigenetic regulation in HD with a focus on DNA and histone modifications. We 

also discuss the contribution of epigenetic modifications to HD pathogenesis as well as potential 

mechanisms linking mutant HTT and epigenetic alterations. Finally, we discuss the therapeutic 

potential of epigenetic-based treatments.
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1. Huntington’s disease

HD is a fatal autosomal dominant neurodegenerative disease caused by an inherited CAG 

trinucleotide repeat expansion in exon 1 of the huntingtin (HTT) gene, which produces a 

mutant protein with an abnormally elongated polyglutamine (polyQ) tract at its N-terminus 

(The Huntington’s Disease Collaborative Research Group, 1993). Mutant HTT exhibits 

improper folding and is prone to oligomerization and aggregation. The expression of 

mutant protein triggers pathological changes in the brain with progressive loss of selective 

neurons in the striatum and cortex, leading to movement, cognitive, and psychiatric 

disorders (Walker, 2007). HD has a prevalence of 10.6–13.7 in 100,000 persons in Western 

populations (McColgan and Tabrizi, 2017). It is one of the neurodegenerative disorders 

known as polyQ diseases, including spinal and bulbar muscular atrophy, spinal cerebellar 

ataxia types 1, 2, 3, 6, 7, and 17, and dentatorubral-pallidoluysian atrophy, which are caused 

by CAG repeat expansion in distinct polyQ proteins (Lieberman et al., 2019; Orr and 

Zoghbi, 2007). Although the mutation in HD was identified in 1993, how the toxic mutant 

protein drives neurodegeneration is still not fully understood, and no curative treatment 

currently exists. Thus, identification of molecular pathways that underlie or contribute to the 

pathogenesis of human HD is a priority.

The mutant HTT protein exhibits a toxic gain-of-function, and its expression triggers 

multiple detrimental events in the cell. Studies with cellular and animal models of HD have 

revealed that mutant protein disrupts neuronal function by several distinct cellular events, 

including transcriptional dysregulation, mitochondrial dysfunction, synaptic dysfunction, 

impairment of proteostasis, and deficits in vesicular transport, all of which subsequently 

contribute to neuronal dysfunction and death (Jimenez-Sanchez et al., 2017; Labbadia and 

Morimoto, 2013; Ross and Tabrizi, 2011). At present, which neuronal insults are primary 

or secondary or whether these cellular processes are interrelated or operate independently 

is unclear. Given that transcriptional alterations have been found in the early stages of 

HD progression (Cha, 2007; Seredenina and Luthi-Carter, 2012), these molecular changes 

may represent a potential unifying upstream mechanism for these divergent processes. 

Striatal medium spiny neurons (MSNs), the most vulnerable cell type in HD, exhibit 

progressive transcriptional changes more than a decade before the onset of motor symptoms 

in human HD (Seredenina and Luthi-Carter, 2012), suggesting a casual role of this change 

in subsequent neuronal dysfunction and death. Although the precise molecular mechanisms 

driving transcriptional dysregulation in HD remain unclear, many studies have pointed to 

the importance of epigenetic mechanisms in this process. In the past decade, advances 

in next-generation sequencing technologies have improved our understanding of the HD 

transcriptome and epigenome and have revealed that mutant HTT causes genome-wide 

alterations of several epigenetic marks in cellular and animal models of HD as well as in 

patient brains (Table 1). However, the functional importance of these changes, in particular 

the dominant epigenetic mechanism(s) leading to HD progression, remains to be elucidated.

The genetic defect of HD is an abnormal expansion of normally polymorphic CAG 

trinucleotide repeats in the HTT gene. Individuals with 40 or more CAG repeats develop 

HD (full penetrance) while those with repeat lengths between 36 and 39 may or may 

not be affected by HD (reduced penetrance), and individuals with repeat lengths below 
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36 are unaffected (non-pathological) (McColgan and Tabrizi, 2017). There is an inverse 

correlation between CAG-repeat length and the age at onset of motor symptoms, with 

longer CAG repeats generally leading to earlier onset (Gusella and MacDonald, 2009; 

Gusella et al., 2014). Although the length of CAG repeats in the HD allele is the primary 

determinant of age of onset, repeat length accounts for only about 56% of the variability 

in age at onset in adult-onset HD patients (Gusella et al., 2014). This indicates that the 

remaining variation in the age of onset could be attributable to genetic or environmental 

factors (Gusella and MacDonald, 2009; Gusella et al., 2014; Wexler et al., 2004). Recent 

human HD genome-wide association studies (GWAS) identified several modifier genes that 

affect the age of motor onset independent of HTT CAG repeat length, including genes 

involved in DNA repair and maintenance (Genetic Modifiers of Huntington’s Disease 

Consortium, 2015, 2019; Lee et al., 2017b; Moss et al., 2017). These findings provided 

human-validated, critical disease-modifying pathways that can potentially be targeted for 

HD therapy. Environmental factors may also influence age of onset by altering epigenetic 

signatures and gene expression and may, with increased understanding of the mechanisms, 

hold therapeutic potential.

In this article, we review recent advances in the epigenetic regulation in HD, with a selective 

focus on DNA methylation and histone modifications and their contributions to disease 

pathogenesis. We discuss mechanisms of epigenetic dysregulation and potential therapeutic 

interventions targeting epigenetic alterations for HD.

2. Mechanisms of transcriptional dysregulation in Huntington’s disease

Transcriptional dysregulation is a fundamental problem not only in HD but also in other 

neurodegenerative diseases, including Alzheimer’s disease (AD), Parkinson’s disease (PD), 

and amyotrophic lateral sclerosis (ALS) and in the aging brain (Cha, 2007; Cooper-Knock 

et al., 2012; Lee et al., 2000; Lu et al., 2004; Seredenina and Luthi-Carter, 2012). Gene 

expression changes are an early molecular hallmark of HD and are thought to represent 

an underlying pathogenic mechanism for HD (Cha, 2007; Seredenina and Luthi-Carter, 

2012). Gene expression profiling studies have identified robust RNA expression changes 

in cell and mouse models of HD as well as human HD brain tissues (Ament et al., 2017; 

Hodges et al., 2006; Kuhn et al., 2007; Labadorf et al., 2015; Langfelder et al., 2016; Lee 

et al., 2020; Luthi-Carter et al., 2000, 2002; Neueder and Bates, 2014; Pan et al., 2018; 

Seredenina and Luthi-Carter, 2012; Vashishtha et al., 2013). Genes typically dysregulated 

in HD and HD models are associated with important biological processes, including 

synaptic transmission, neurotrophin receptor signaling, calcium signaling and homeostasis, 

ion transport, G-protein coupled receptor signaling, transcription and chromatin remodeling, 

nervous system development, and metabolism (Hodges et al., 2006; Langfelder et al., 2016; 

Pan et al., 2018; Seredenina and Luthi-Carter, 2012; Vashishtha et al., 2013).

A previous transcriptomic study comparing the caudate of six different genetic HD mouse 

models, including HTT transgenic mice expressing full-length or exon 1 HTT proteins 

and homozygous HTT knock-in mice, as well as HD patients revealed a profile of altered 

gene expression with remarkable similarity among the different animal models and human 

HD (Kuhn et al., 2007). This study found that the effects of mutant HTT on striatal 
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gene expression changes were similar among the models tested and did not differ with 

mutant HTT protein size (i.e. full-length versus exon 1 fragments) or wild-type (WT) HTT 

dosage, suggesting the polyQ-containing region of the mutant protein plays a critical role 

in triggering gene expression changes. Small mutant HTT exon 1 fragments containing 

expanded polyQ are highly pathogenic compared to the full-length protein. Interestingly, 

the toxic exon 1 fragment was found to be produced by aberrant splicing of mutant HTT 
RNA and expressed in postmortem human HD brains as well as HD knock-in mice carrying 

full-length mutant HTT alleles, providing an important new mechanism for HD pathogenesis 

(Gipson et al., 2013; Neueder et al., 2017; Sathasivam et al., 2013).

A large-scale, comprehensive transcriptomic study with 600 brain and peripheral tissue 

samples from HD allelic series knock-in mice identified that a consistent set of genes and 

networks are dysregulated in a CAG length- and age-dependent manner (Langfelder et al., 

2016). The CAG repeat length-dependent transcriptional signature was most prominent in 

the striatum with altered expression of numerous genes including striatal MSN identity 

genes, such as Drd2, Drd1a, Ppp1r1b, and Gpr6, genes involved in cAMP signaling, 

cell death, and DNA repair, and protocadherin genes (Langfelder et al., 2016). The 

downregulation of these striatal MSN identity genes has also been observed in previous 

RNA expression studies with striatal samples from human HD and HD models (Hodges 

et al., 2006; Kuhn et al., 2007; Seredenina and Luthi-Carter, 2012; Vashishtha et al., 

2013). These neuronal identity genes are important for neurons to maintain their neuronal 

identity, connectivity, and functions in vivo (Deneris and Hobert, 2014). Therefore, 

the downregulation of these striatal MSN specific genes may lead to dysfunction and 

degeneration of MSNs in HD.

Recent advances in cell-type specific RNA isolation techniques have enabled the 

identification of cell-type specific gene expression changes in vivo in human and mouse 

HD brain (Al-Dalahmah et al., 2020; Lee et al., 2020; Merienne et al., 2019). The 

transcriptomic data reveals a novel pathway, in which mutant HTT leads to the release 

of mitochondrial RNAs and activation of innate immune signaling, specifically in striatal 

spiny projection neurons, the most vulnerable neurons in HD (Lee et al., 2020). In addition, 

single nucleus RNA-seq analysis of human HD cingulate cortex identified various astrocytes 

states associated with HD (Al-Dalahmah et al., 2020). Astrocytes play important roles in 

maintaining an optimal microenvironment for neuronal function and have been suggested 

to contribute to HD pathogenesis (Gray, 2019; Palpagama et al., 2019). Understanding 

cell-type specific gene expression changes in these disease-relevant cell types in vivo will 

provide important insights into disease mechanisms.

How is gene expression dysregulated in the HD brain? Several potential mechanisms 

have been proposed, including altered activities of transcription factors, coactivators, or 

corepressors by aberrant binding to or sequestration by mutant HTT. These factors include 

specificity protein 1 (Spl), CREB-binding protein (CBP), TATA-binding protein (TBP), 

TBP-associated factor, 135 kD (TAFII-130), and the p53 tumor suppressor (Nucifora et 

al., 2001; Steffan et al., 2000); reviewed in (Cha, 2007; Kim and Kim, 2014; Sadri-Vakili 

and Cha, 2006; Seredenina and Luthi-Carter, 2012). Thus, mutant HTT interacts with a 

number of transcriptional regulators and impairs transcription. More recently, methyl-CpG 
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binding protein 2 (MeCP2) was found as a direct binding partner of HTT, with higher 

binding affinity to mutant compared to WT HTT (McFarland et al., 2014). MeCP2 exhibits 

increased binding at brain-derived neurotrophic factor (Bdnf) promoter IV in mutant HTT-

expressing cells, and MeCP2 knockdown reactivates Bdnf expression, suggesting that the 

MeCP2-mutant HTT interaction may contribute to Bdnf downregulation in HD (McFarland 

et al., 2014) (See a model in Fig. 1). Bdnf mRNA expression could also be dysregulated in 

HD by a transcriptional repressor, repressor element-1 silencing transcription factor/neuron-

restrictive silencer factor (REST/NRSF). The differential binding affinity of WT versus 

mutant HTT to REST has been shown to contribute to the downregulation of Bdnf (at 

Bdnf promoter II) and potentially other neuronal genes containing REST/NRSF-binding 

sites (Buckley et al., 2010; Zuccato et al., 2003, 2007). In addition, accumulating evidence 

indicates that chromatin modifications and remodeling downstream of mutant HTT play 

an important role in transcriptional dysregulation in HD. These mechanisms may not be 

mutually exclusive and may cooperate to drive abnormal gene expression in HD.

3. Epigenetic modifications in adult brain

Chromatin is a complex of macromolecules composed of DNA and histone proteins. DNA 

is wrapped around histone octamers (2 copies each of the core histones H2A, H2B, H3, 

and H4) to form nucleosomes and is packaged into the nucleus in a highly organized 

fashion (Campos and Reinberg, 2009; Luger et al., 1997). Several epigenetic mechanisms, 

including DNA methylation, posttranslational modifications of histone proteins, non-coding 

RNAs, and chromatin remodeling factors, control gene expression by modulating chromatin 

structure and its accessibility to transcription factors. Epigenetic mechanisms regulate 

a number of important biological processes in developing and adult brains, ranging 

from neural development and neuronal differentiation to learning and memory and aging 

(Campbell and Wood, 2019; Qureshi and Mehler, 2018; Salinas et al., 2020; Shin 

et al., 2014). Epigenetic gene regulation is a cell-type specific mechanism, and the 

epigenetic state determines the phenotype of the cell. Epigenetic regulatory mechanisms 

are becoming increasingly recognized as important contributors to the pathogenesis of 

many neurodegenerative diseases, including AD, PD, ALS, and HD (Berson et al., 2018; 

Lardenoije et al., 2015). Our knowledge of neuronal epigenetics is, however, far less than 

that of other well-studied cell types, such as embryonic stem cells and cancer cells. We 

review recent literature on epigenetic regulation in HD with a focus on DNA and histone 

modifications. Excellent reviews for the role of non-coding RNAs in HD are found in 

(Kerschbamer and Biagioli, 2015; Riva et al., 2016; Wu and Kuo, 2020).

3.1. DNA methylation and demethylation

Methylation of the fifth carbon position of cytosine (5-methylcytosine or 5mC) in CpG 

dinucleotide is an important epigenetic mark that affects multiple biological processes, 

including embryonic development, genomic imprinting, X-chromosome inactivation, and 

diseases such as cancer (Smith and Meissner, 2013; Suzuki and Bird, 2008). The importance 

of DNA methylation in the nervous system has become increasingly clear in recent 

years, and DNA methylation-mediated transcriptional regulation is critically involved in 

the function of normal and diseased brains, including learning and memory, synaptic 
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transmission, psychiatric and neurodegenerative disorders, and aging; reviewed in (Day et 

al., 2015; Heyward and Sweatt, 2015; Lu et al., 2013; Morris and Monteggia, 2014; Shin et 

al., 2014; Tognini et al., 2015).

The role of DNA methylation in gene promoters is well established, and generally, the 

transcriptional outcome of promoter hyper-methylation is repression. Promoter methylation 

can induce transcriptional repression by directly interfering with transcription factor binding 

(Campanero et al., 2000; Tate and Bird, 1993) or by recruiting chromatin remodeling 

co-repressors, such as histone deacetylase (HDAC), mediated through the binding of methyl-

CpG-binding domain (MBD) proteins, to establish transcriptional repression (Fuks et al., 

2003; Jones et al., 1998; Nan et al., 1998; Zhang et al., 1999). The 5mC modification is also 

found within gene bodies of actively transcribed genes (Lister et al., 2009), suggesting that it 

is not simply a mark of gene silencing. Methylation of DNA is catalyzed by members of the 

DNA methyl-transferase (DNMT) family of enzymes, including DNMT1, DNMT3A, and 

DNMT3B. DNMT1 has preferential activity towards hemi-methylated CpG and is essential 

for the maintenance of DNA methylation patterns in the newly synthesized strand during 

DNA replication in dividing cells, whereas DNMT3A and DNMT3B are required for de 

novo DNA methylation (Bird, 2002; Moore et al., 2013).

In addition to its essential role in embryonic development (Li et al., 1992; Okano et 

al., 1999), DNA methylation plays an important role in brain development and neuronal 

function. Disruption of DNMT1 or DNMT3A in prenatal stages causes neurodevelopmental 

defects and functionally impairs CNS neurons (Fan et al., 2001; Lavery et al., 2020). 

For example, conditional deletion of the Dnmt1 gene in mitotic CNS precursor cells 

in mice using the Nestin promoter-driven Cre (Nestin--Cre)-loxP system resulted in 

DNA hypomethylation in daughter cells and perturbed the function and survival of 

CNS neurons in postnatal animals (Fan et al., 2001). Interestingly, DNMTs are highly 

expressed in postnatal brain. Postmitotic neurons of the postnatal brain express two major 

DNMTs, DNMT1 and DNMT3A (Feng et al., 2005; Inano et al., 2000). A study in 

adult forebrain neurons using conditional knockout of DNMT1 and DNMT3A with the 

calcium/calmodulin-dependent protein kinase IIα promoter-driven Cre (CamKIIα-Cre)-loxP 

system revealed an important role for these enzymes in synaptic function; Dnmt1/Dnmt3a 
double conditional knockout mice, but not single Dnmt1 or Dnmt3a knockouts, showed 

abnormal long-term plasticity in the hippocampal CA1 region with deficits in learning and 

memory as well as decreased DNA methylation and deregulated gene expression, suggesting 

overlapping roles of these two DNMTs in maintaining DNA methylation and modulating 

neuronal gene expression in adult CNS neurons (Feng et al., 2010). These results also 

corroborated a previous study in which DNMT1 deficiency in postmitotic forebrain neurons 

in vivo had no effect on levels of global DNA methylation and neuronal survival during 

postnatal life (Fan et al., 2001).

Methylation of DNA is a dynamic and reversible process. DNA demethylation can occur 

by both passive and active mechanisms. Passive demethylation occurs by dilution of 

methylation marks through multiple rounds of cell division in the context of reduced DNMT 

activity or expression. DNA methylation in postmitotic neurons is dynamically regulated 

by active demethylation, which is achieved via ten-eleven translocase (TET)-mediated 
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sequential oxidations of 5mC to 5-hydroxy-methylcytosine (5hmC) and to 5-formylcytosine 

(5fC) and 5-carboxylcytosine (5caC), followed by the excision of 5fC and 5caC by thymine 

DNA glycosylase (TDG) via the base excision repair pathway (Guo et al., 2011; He et al., 

2011; Ito et al., 2011; Wu and Zhang, 2017). No enzyme that directly converts 5mC to 

unmethylated C has been found. 5hmC, besides serving as a demethylation intermediate, is 

thought to have an independent role in regulating chromatin structure and gene expression. 

In brain, 5hmC is enriched in gene bodies and near genes; within gene bodies, coding exons 

are most enriched for 5hmC, and 5hmC levels correlate well with gene expression at these 

loci (Guo et al., 2014b; Mellen et al., 2012; Song et al., 2011a; Szulwach et al., 2011).

Interestingly, neurons have a unique methylome containing much higher levels of 5hmC 

and non-CpG methylation (mCpH, where H = A, C, or T) than non-neuronal cells (Guo et 

al., 2011, 2014a; Kriaucionis and Heintz, 2009; Song et al., 2011a); reviewed in (Clemens 

and Gabel, 2020; Jang et al., 2017; Wu and Zhang, 2017). Whether the neuronal abundance 

of mCpH and 5hmC marks plays a critical role in neurode-generative diseases is not yet 

known.

3.2. Posttranslational modifications of histones

Histone modifications, along with DNA methylation, control chromatin structure and help 

to define gene expression. Covalent posttranslational modifications of histone proteins, 

including methylation, acetylation, ubiquitination, and phosphorylation, modulate the degree 

of compaction of nucleosomes, thereby affecting chromatin accessibility to transcription 

factors and gene expression (Sadri-Vakili and Cha, 2006). The specific lysine (K) residues 

in the N-terminal histone tail can be modified by several key posttranslational modifications, 

including methylation, acetylation and ubiquitination. Methylation can also occur on an 

arginine residue. Transcriptional outcomes with these modifications depend upon the 

type of modification and the amino acid residue of histone that is modified. There are 

specific patterns of histone modification occupancy on the genome for each histone 

modification. For example, acetylation on histone H3 lysine 27 (H3K27ac) is associated 

with higher transcriptional activation and marks active enhancers; H3 lysine 4 trimethylation 

(H3K4me3) marks the transcriptional start sites (TSS) of actively transcribed genes. 

Comprehensive reviews for histone modifications can be found in the literature (Campos 

and Reinberg, 2009; Gates et al., 2017; Hyun et al., 2017; Sadri-Vakili and Cha, 2006). 

Histone modifications are regulated by two opposing families of enzymes and are reversible

—for example, histone acetyl-transferases (HATs) and histone deacetylases (HDACs) for 

adding and removing an acetyl group, respectively, and histone methyltransferases (HMTs) 

and histone demethylases (HDMs) for adding and removing a methyl group, respectively. 

Alterations in histone modifications with subsequent gene expression changes have been 

implicated in the pathogenesis of cancer, neurodegenerative diseases, psychiatric disorders, 

learning and memory, and aging (Berson et al., 2018; Booth and Brunet, 2016; Comet et al., 

2016; Graff and Tsai, 2013; Li et al., 2013; Tsankova et al., 2007). Therefore, agents that 

are able to modulate or reverse abnormal epigenetic changes might be beneficial for disease 

conditions with aberrant epigenetic regulation.
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4. Epigenetic alterations in Huntington’s disease

Progressive and robust gene expression changes are a prominent feature of HD (Hervas-

Corpion et al., 2018; Hodges et al., 2006; Kuhn et al., 2007; Labadorf et al., 2015; 

Langfelder et al., 2016; Luthi-Carter et al., 2000; Vashishtha et al., 2013). In the past 

decade, extensive research has focused on the identification of key epigenetic factors and 

chromatin mechanisms underlying transcriptional dysregulation and pathogenesis of HD. 

Altered patterns of several chromatin marks have been identified at the genome-wide level 

in human HD tissues and various models of HD, including DNA methylation, histone H3K9 

and H3K14 acetylation (H3K9ac and H3K14ac), H3K27ac, H3K4me3, H3K9me3, and 

H3K27me3 (Table 1), indicating that mutant HTT appears to modulate chromatin structure 

via perturbations of epigenetic modifications. However, the mechanisms linking mutant 

HTT and altered chromatin modifications are poorly understood.

4.1. Alterations in DNA methylation and hydroxymethylation in HD

The first genome-wide DNA methylation analysis in a HD model was reported using striatal 

cell lines derived from mouse embryonic striatal progenitor cells from WT HTTQ7/Q7 or HD 

HTTQ111/Q111 knock-in mice (Ng et al., 2013). Reduced representation bisulfite sequencing 

(RRBS) and confirmatory methylated DNA immunoprecipitation-sequencing (MeDIP-seq) 

analyses found extensive DNA methylation changes in HD striatal cells compared to control 

WT cells. The changes are gene specific, not global, with some sites increased and others 

decreased in methylation, with the majority of the changes occurring in CpG-poor regions 

of the genome, compared to CpG-rich regions (Ng et al., 2013). A large fraction of the 

dysregulated genes in the mutant HTT-expressing cell line showed significant changes 

in DNA methylation, suggesting a potential causal effect of DNA methylation on gene 

changes. In addition, motif scanning and ChIP-seq analyses identified AP-1 and SOX2 as 

transcriptional regulators associated with DNA methylation changes, where loss of AP-1 

and SOX2 binding is associated with increased DNA methylation, suggesting involvement 

of these transcriptional regulators in mutant HTT-induced methylation changes (Ng et 

al., 2013). The study highlighted a potential new mechanism for mutant HTT-induced 

transcriptional dysregulation. The functional importance of methylation changes in HD 

pathogenesis, however, remained unclear.

Several DNA methylation profiling studies have recently been performed using human HD 

tissues and blood (Table 1) (De Souza et al., 2016; Gutierrez et al., 2019; Horvath et al., 

2016; Jia et al., 2015; Lu et al., 2020; Zadel et al., 2018). It has been established that DNA 

methylation levels at a subset of DNA methylation sites can be used to predict biological age 

across a broad spectrum of human tissues. The epigenetic measure of tissue age (referred to 

as the epigenetic clock) is estimated by DNA methylation levels at 353 CpG sites (Horvath, 

2013). DNA methylation array analysis assessed the epigenetic age of various brain regions 

of human HD and control subjects and revealed that HD accelerates the epigenetic aging 

of human brain and disrupts DNA methylation levels (Horvath et al., 2016). The same 

group performed a comprehensive large-scale methylome study and characterized DNA 

methylation levels in six different tissues, including blood, from three mammalian species, 

i.e., a Htt knock-in mouse model, a transgenic HTT sheep model, and humans. The authors 
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found profound DNA methylation changes associated with HD in all three species (Lu et 

al., 2020). Consistent with the epigenetic age acceleration observed in the postmortem HD 

brains in their earlier study (Horvath et al., 2016), blood of manifest HD cases showed 

accelerated epigenetic aging (Lu et al., 2020). The epigenome-wide association study 

(EWAS) of human blood revealed that HD mutation status is associated with 33 CpG 

sites, including the HTT gene (hypermethylated in HD group). The HTT/Htt associations 

were also reproduced in the mouse and sheep models. In addition, the hypomethylation 

of three loci (PEX14, GRIK4, and COX412) were associated with motor progression in 

manifest HD cases. This study provided new knowledge about epigenetic aging, the role of 

DNA methylation in HD, and epigenetic modifiers that may modulate disease progression 

in HD. Another array-based methylation study with the postmortem cortex samples from 

7 HD cases and 6 controls showed minimal evidence of HD-associated DNA methylation 

changes (De Souza et al., 2016). Although HD-associated DNA methylation changes were 

not identified, site-specific differential DNA methylation in the promoter and intragenic 

regions of the HTT gene was found when matched human cortex and liver samples were 

compared. They identified a new differentially methylated binding site for the transcription 

factor CTCF, which is located in the HTT proximal promoter. Interestingly, this site 

showed decreased methylation and increased binding of CTCF in cortex compared to liver, 

consistent with higher expression of the HTT gene in cortex vs. liver, suggesting that DNA 

methylation may, in part, contribute to tissue-specific HTT expression via differential CTCF 

occupancy (De Souza et al., 2016).

Methylation levels of selected genes have also been investigated in human brain and HD 

models (Pan et al., 2016; Villar-Menendez et al., 2013). The expression of the adenosine 

A2a receptor (ADORA2A) gene, encoding a G-protein-coupled receptor highly expressed 

in basal ganglia, is severely downregulated in HD patients and various HD mouse models. 

The reduced ADORA2A expression in the putamen of HD patients was associated with 

increased levels of 5mC and decreased levels of 5hmC in the 5’UTR of ADORA2A (Villar-

Menendez et al., 2013), suggesting that DNA methylation is a potential mechanism. This 

methylation change, however, was not observed in the striatum of HD transgenic mice 

(R6/1 and R6/2) and appeared to be differentially regulated between the species. BDNF 

is an important neurotrophic factor involved in various brain functions, including neuronal 

survival, differentiation, synaptic transmission, and learning and memory. The loss of BDNF 
mRNA and protein in the brain has been implicated in human HD pathogenesis (Zuccato et 

al., 2001). Lentiviral expression of mutant HTT exon 1 fragments in mouse primary cortical 

neurons increased the levels of 5mC in the Bdnf promoter IV, consistent with decreased 

Bdnf expression in the mutant HTT neurons compared to WT controls (Pan et al., 2016). 

Additionally, in the blood of human HD subjects, BDNF promoter IV methylation was 

elevated when compared to controls (Gutierrez et al., 2019). Interestingly, the increased 

DNA methylation levels at specific CpGs in the BDNF promoter of human HD blood were 

inversely correlated to anxiety and depression by Hospital Anxiety and Depression Scale 

(HADS) scores (Gutierrez et al., 2019). This suggests that methylation levels at specific loci 

in blood may represent a potential biomarker of psychiatric symptoms.

5hmC is thought to participate in transcriptional control and is found at higher levels in 

brain than in other tissues (Kriaucionis and Heintz, 2009; Song et al., 2011a). Genome-
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wide reduction of 5hmC marks has been found in the striatum and cortex of HD 

transgenic YAC128 mice carrying the HTT transgene with 128 CAG repeats (Wang et 

al., 2013a). Several differentially hydroxymethylated regions (DhMRs) in HD versus WT 

mice positively correlated with gene expression. Pathway analysis revealed that genes 

associated with DhMRs in the striatum (HD versus WT) are enriched in pathways 

involving neuronal development/differentiation (Wnt/β-catenin/Sox pathway and axonal 

guidance signaling pathway) and neuronal function/survival (glutamate receptor/calcium/

CREB, GABA receptor signaling, and dopamine-DARPP32 feedback pathway) (Wang et al., 

2013a). The reduction of 5hmC in the brain may be a critical feature of HD and requires 

verification in human brain in future studies.

4.2. The role and mechanisms of altered DNA methylation in HD

While a number of studies provided evidence for aberrant DNA methylation in HD, 

little is known about transcriptional consequences of such alterations and involvement in 

disease pathogenesis. Using a primary cortical neuron system, a recent cell-based unbiased 

epigenetic compound library screen identified a DNMT inhibitor, 5-aza-2’-deoxy-cytidine 

(decitabine) as an effective neuroprotective drug against mutant HTT-induced toxicity (Table 

2) (Pan et al., 2016). Compounds in the library targeted writers, erasers, and readers of 

various epigenetic marks, but no hits were found with compounds targeting other epigenetic 

mechanisms in this screen. As verification, the structurally related DNMT inhibitor, 5-

fluoro-2’-deoxycytidine (FdCyd) also exhibited a similar neuroprotective effect against 

mutant HTT, pointing to the essential role of DNMTs in mutant HTT-induced neurotoxicity. 

Mutant HTT-expressing cortical neurons showed elevated levels of DNA methylation in 

the Bdnf promoter IV, and inhibition of DNMTs in these neurons decreased the levels of 

DNA methylation and restored the expression of Bdnf. The effects of the pharmacological 

inhibitors were reproduced by RNA interference (RNAi)-mediated knockdown of DNMT1 

or DNMT3A, verifying the role of DNMTs in mutant HTT-induced toxicity. DNMT 

inhibition could also rescue the expression of key striatal genes abnormally downregulated 

in HD, including Drd2, Penk, Adora2a, Ppp1r1b, and Rasd2 in mutant HTT-expressing 

primary striatal neurons and, importantly, in the striatum of HD mice in vivo (Pan et 

al., 2016). These findings highlight the causal role of DNA methylation in transcriptional 

alterations in HD (See a model in Fig. 1). Decitabine is an U.S. Food and Drug 

Administration (FDA)-approved drug for myelodysplastic syndromes (MDS) and has been 

used for treatment of hematologic malignancies in patients; FdCyd is being tested in clinical 

trials for cancer. However, these drugs have not been used clinically for neurodegenerative 

diseases, including HD. Whether these pharmacological inhibitors are beneficial to the 

neurodegeneration and pathogenesis of HD in vivo remains to be determined in future 

proof-of-concept preclinical studies with animal models. The deoxycytidine-analog DNMT 

inhibitors, including decitabine and FdCyd, need to be incorporated into DNA to exert their 

DNMT inhibitory activity (Creusot et al., 1982; Gnyszka et al., 2013; Lyko and Brown, 

2005; Stresemann and Lyko, 2008). In dividing cells, drug incorporation occurs during 

DNA synthesis. But how these drugs can be incorporated into the DNA of non-dividing 

postmitotic neurons remains unclear, although it is possible that the base excision repair 

pathway contributes to this process. The exact mechanism of action of these drugs in 

postmitotic neurons remains to be determined.

Hyeon et al. Page 10

Neurochem Int. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Interestingly, in addition to mutant HTT-induced toxicity, DNMT inhibitors appeared to be 

neuroprotective for other neurological and neuronal stress conditions, including oxidative 

stress-induced neuronal death (Xin et al., 2015) and retinal photoreceptor degeneration 

(Farinelli et al., 2014) (Table 2). In contrast, decitabine enhanced apoptosis in cultured 

dopaminergic cell lines (Wang et al., 2013b). However, the cells used in the report were an 

immortalized, actively dividing cell line, and the DNMT inhibitor may have adverse effects 

on dividing cells. The beneficial effects of DNMT inhibitors (decitabine or non-nucleoside 

analog DNMT inhibitor RG108) or genetic reduction of DNMT have been shown in 

mouse models of different neurodegenerative and neurological disorders, including spinal 

and bulbar muscular atrophy (SBMA), a progressive neuromuscular disease caused by a 

polyQ expansion in androgen receptor (AR) (Kondo et al., 2019), sciatic nerve avulsion 

(Chestnut et al., 2011), and mild ischemic brain injury (Endres et al., 2000, 2001) (Table 

2). These findings highlight the crucial role of DNA methylation in a broader range of 

neurodegenerative conditions.

How mutant HTT promotes aberrant DNA methylation at specific gene loci remains 

unknown, necessitating exploration in future studies. Possible mechanisms include 

mutant HTT expression enhancing the activity of DNMT enzymes and/or facilitating 

the recruitment of the DNA methylation machinery to specific genomic regions. 

These mechanisms may be mediated by aberrant protein-protein interactions and/or by 

posttranslational modifications of DNMTs in the context of mutant HTT. Since DNMT 

enzymes themselves do not have a strong sequence preference, it is reasonable to 

speculate that DNMT-interacting proteins capable of recognizing specific DNA motifs 

recruit DNMTs to particular loci. For example, previous studies have suggested the 

involvement of transcriptional repressor Polycomb repressive complex 2 (PRC2), a histone 

methyltransferase complex, in the regulation of DNA methylation (Vire et al., 2006). In 

cancer, extensive overlap has been observed between DNA methylation and the PRC2-

mediated H3K27me3 mark, and PRC2 subunit, enhancer of zeste homolog 2 (EZH2) has 

been shown to recruit DNMTs to EZH2-target promoters via direct interaction (Schlesinger 

et al., 2007; Vire et al., 2006). Whether these interactions occur in neurons remains to 

be determined. It is also plausible that DNMT methylation patterns can be influenced 

by alterations of histone marks induced by mutant HTT. DNMT3A has been shown to 

bind specific histone modifications through its ATRX-DNMT3-DNMT3L (ADD) domain 

and proline-tryptophan-tryptophan-proline (PWWP) domain (ADD binding to unmodified 

H3K4 and PWWP binding to H3K36me2/3) (Dhayalan et al., 2010; Dukatz et al., 2019; 

Weinberg et al., 2019; Zhang et al., 2010); reviewed in (Castillo-Aguilera et al., 2017; 

Du et al., 2015; Jeltsch and Jurkowska, 2016; Rose and Klose, 2014), and therefore the 

mutant HTT-induced alterations of histone modification patterns may influence DNMT3A 

binding to specific genomic regions. Future studies are required to address these intriguing 

mechanistic possibilities.

4.3. Alterations in histone modifications in HD

Posttranslational modifications of histone proteins control chromatin dynamics and could 

affect gene expression. Genome-wide analyses identified altered patterns of several key 

histone marks in HD patients and various models of HD (Table 1) (Achour et al., 2015; Bai 
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et al., 2015; Biagioli et al., 2015; Irmak et al., 2018; Lee et al., 2013; McFarland et al., 2012, 

2013; Valor et al., 2013; Vashishtha et al., 2013). The altered modifications in HD include 

acetylated H3 lysine 9 (H3K9ac), H3K14ac, H4K12ac, H3K27ac, trimethylated H3K4 

(H3K4me3), H3K9me3, and H3K27me3. The mechanisms underlying these chromatin 

changes and their consequences on transcription and disease pathogenesis in HD remain 

unclear. In this section, we focus on alterations and roles of two major histone modifications, 

acetylation and methylation in HD.

4.3.1. Histone acetylation—Among posttranslational modifications of histone 

proteins, histone acetylation and deacetylation have been most studied in HD, and these data 

are summarized in excellent reviews (Glajch and Sadri-Vakili, 2015; Sharma and Taliyan, 

2015). Here we highlight more recent findings. Acetylation of H3K9, H3K14, and H4K12 

are well characterized histone marks for transcriptional activation. In various models of 

HD and human HD samples, global reduction of histone acetylation (Chiu et al., 2011; 

Ferrante et al., 2003; Gardian et al., 2005; Giralt et al., 2012; Jiang et al., 2006; Lim et 

al., 2011; Stack et al., 2007) or the decreased levels of acetylation at specific genomic loci 

(McFarland et al., 2012; Sadri-Vakili et al., 2007; Thomas et al., 2008; Valor et al., 2013) 

have been found. Genome-wide studies identified altered patterns of histone acetylation 

in the striatum, hippocampus, and cerebellum of HD mice compared to control WT mice 

(McFarland et al., 2012; Valor et al., 2013). Although a number of hypoacetylated loci 

were associated with HD, histone acetylation and gene expression changes exhibited low 

correlation (McFarland et al., 2012; Valor et al., 2013). A different histone mark, H2A 

monoubiquitylation (H2Aub) at K119, traditionally associated with gene silencing, also 

showed limited correlation with transcriptional changes in a genome-wide study (McFarland 

et al., 2013). These modifications may cooperate with other chromatin modifications or 

mechanisms to exert the full range of transcriptional alterations associated with HD.

The mechanisms linking mutant HTT and loss of acetylation at specific genomic loci 

remain poorly understood. The aberrant patterns of histone acetylation could occur 

by the unbalanced action of two opposing enzymes, writers and erasers, i.e., histone 

acetyltransferases (HATs) and histone deacetylases (HDACs). Sequestration of CBP—

a transcriptional co-activator with HAT activity—into polyQ aggregates is a potential 

mechanism for reduction of acetylation and was observed in cell and mouse models as 

well as human HD postmortem brain (Nucifora et al., 2001). CBP overexpression rescued 

cells from mutant HTT-induced toxicity, suggesting that inhibition of histone acetylation 

mediates cellular toxicity (Nucifora et al., 2001).

A study with Drosophila models of HD initially identified beneficial effects of HDAC 

inhibitors in HD neurodegeneration (Steffan et al., 2001). Many studies have corroborated 

the neuroprotective effects of HDAC inhibitors in mammalian models of HD. In mouse 

models, various HDAC inhibitors, including sodium butyrate, valproic acid (VPA), 

trichostatin A (TSA), suberoylanilide hydroxamic acid (SAHA), phenylbutyrate, HDACi 

4b, RGFP966, and LBH589 (panobinostat), have been shown to ameliorate HD-related 

molecular, cellular, pathological, and/or behavioral phenotypes (Chiu et al., 2011; Chopra et 

al., 2016; Ferrante et al., 2003; Gardian et al., 2005; Giralt et al., 2012; Hockly et al., 2003; 
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Jia et al., 2012a, 2012b, 2015, 2016; Mielcarek et al., 2011; Ryu et al., 2003; Sadri-Vakili et 

al., 2007; Siebzehnrubl et al., 2018; Thomas et al., 2008; Zadori et al., 2009).

LBH589, a hydroxamic acid-derived nonselective HDAC inhibitor, has recently been 

shown to be neuroprotective in mouse models of HD (Chopra et al., 2016). LBH589 

induced histone hyperacetylation and improved pathological and behavioral phenotypes, 

i.e., prevented striatal neuronal atrophy and improved motor performance, in two different 

HD mouse models (Chopra et al., 2016). Another recent study showed beneficial effects 

of LBH589 on the early postnatal period in mouse and rat models of HD (Siebzehnrubl 

et al., 2018). Although HD typically manifests later in adulthood, emerging evidence from 

human and mouse HD has suggested that HD affects neurodevelopment (Barnat et al., 2020; 

HD iPSC Consortium, 2017; Siebzehnrubl et al., 2018). However, therapeutic approaches 

targeting early neurodevelopmental stages are currently lacking. This study showed that low-

dose LBH589 treatment at preweaning age is able to reverse the early cellular, molecular, 

and behavioral phenotypes in HD rodent models (Siebzehnrubl et al., 2018). The study 

provided a proof-of-concept that neuro-developmental changes, including aberrant neuronal 

differentiation in HD, are reversible by an early therapeutic intervention targeting HDAC in 
vivo.

The HDAC superfamily consists of at least 18 members that are divided into two main 

families which are further ascribed into distinct classes: the classic HDAC family (Classes 

I, IIa, IIb, and IV) and the sirtuin family (Class III) (Sharma and Taliyan, 2015). 

Which HDAC(s) are relevant to HD pathogenesis? Addressing this question will lead to 

development of more specific therapeutics with selective HDAC inhibitors. Genetically 

engineered R6/2 HD mice with reduced levels of HDAC4 (Class IIa HDAC) showed 

extended lifespan, improved motor coordination, upregulated cortical Bdnf transcripts, and 

improved cortico-striatal synaptic function, pointing to the critical role of HDAC4 in HD 

pathogenesis (Mielcarek et al., 2013). Unexpectedly, however, although HDAC4 reduction 

rescued expression of several Bdnf transcripts, it did not affect global transcriptional 

dysregulation in R6/2 HD cortex by microarray profiling. HDAC4 colocalized in 

cytoplasmic mutant HTT inclusions, and HDAC4 reduction delayed the formation of mutant 

HTT cytoplasmic aggregates, but not nuclear aggregates, in HD mouse brain. Although 

HDAC4 traditionally acts as a transcriptional repressor via interactions with tissue specific 

transcription factors (Parra and Verdin, 2010), the beneficial effects of HDAC4 reduction in 

HD mice appeared to be independent of its traditional function on chromatin. The impact 

of genetic reduction or knockout of several other Hdac genes, including Hdac3, Hdac6, and 

Hdac7, has been tested in mouse models of HD. But HDAC4 is the only HDAC whose 

genetic reduction has so far been shown to improve HD phenotypes in mice (Benn et al., 

2009; Bobrowska et al., 2011; Mielcarek et al., 2013; Moumne et al., 2012).

HDACi 4b, a HDAC inhibitor targeting HDACs 1 and 3, has been shown to ameliorate 

behavioral and pathological phenotypes and transcriptional abnormalities in HD mice (Jia et 

al., 2012a, 2012b; Thomas et al., 2008). Interestingly, treatment of HD mice with HDACi 

4b induced alterations in DNA methylation and elicited transgenerational effects, in which 

the offspring (F1 generation) of HDAC inhibitor-treated HD male mice showed improved 

motor function and cognition compared with the offspring from vehicle-treated HD males 
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(Jia et al., 2015). Alteration in sperm DNA methylation in the HDAC inhibitor treated 

HD male mice may mediate this transgenerational effect. This study provides important 

implications that ancestral HDAC inhibitor exposure may offer beneficial effects to offspring 

by mechanisms involving crosstalk between histone acetylation and DNA methylation (Jia et 

al., 2015).

Another important epigenetic modification, H3K27ac, a mark for active enhancers, was 

found to be altered in the R6/1 mouse model of HD at late disease stages in a genome-

wide study (Achour et al., 2015). The downregulated genes controlling striatal neuronal 

identity and function in the striatum of R6/1 HD mice were associated with selective 

reduction of H3K27ac and RNA polymerase II (RNAPII) at super-enhancers, which are 

characterized by high levels and broad patterns of H3K27ac and RNAPII occupancy 

(Achour et al., 2015). The authors proposed that mutant HTT impairs the stabilization of 

striatal super-enhancers, and perturbation of histone acetyltransferase CBP contributes to 

this mechanism. The decreased H3K27ac mark at down-regulated neuronal identity genes 

in mice was validated in human caudate postmortem brain samples from HD vs. control 

subjects (Merienne et al., 2019). These studies provide new insights into the mechanism 

of transcriptional dysregulation in HD, in which selective reduction of H3K27ac at super 

enhancers drives downregulation of neuronal function genes in HD striatum (Achour et 

al., 2015; Merienne et al., 2019). Another study from the same group further explored 

the mechanism of altered striatal gene expression and found the extensive dysregulation 

of enhancer transcription in R6/1 HD mouse striatum (Le Gras et al., 2017). Transcription 

of non-coding RNAs transcribed from active enhancers, called enhancer RNAs (eRNAs), 

are involved in regulation of enhancer activity (Sartorelli and Lauberth, 2020). Their data 

suggest that decreased eRNAs transcription by reduced recruitment of RNAPII at super-

enhancers leads to repression of striatal neuron identity genes (Le Gras et al., 2017). The 

study revealed a new epigenetic mechanism, which involves dysregulation of eRNAs and 

super enhancer activity, for striatal neuronal gene repression in HD mice in vivo. A recent 

genome-wide study with presymptomatic R6/1 HD mice identified aberrant transcription 

and changes in H3K27ac in the striatum of HD mice prior to the onset of overt disease 

symptoms (Yildirim et al., 2019). The analysis of the altered H3K27ac landscape led to 

identification of transcriptional factor Elk-1 as a potential regulator of early transcriptional 

changes in HD (Yildirim et al., 2019).

4.3.2. Histone methylation—Studies using HD models and human HD samples 

identified genomewide alterations in several histone methylation marks, including 

H3K4me3, H3K9me3, and H3K27me3 (Table 1) (Bai et al., 2015; Biagioli et al., 2015; 

Dong et al., 2015; Lee et al., 2013; Vashishtha et al., 2013), but little is known about the 

functional consequences of these alterations in HD in vivo. Methylation at these different 

lysine (K) residues has different transcriptional outcomes (Kimura, 2013); H3K4me3 marks 

the TSSs of actively transcribed genes; H3K9me3 and H3K27me3 are generally linked to 

transcriptional repression.

The cortex and striatum of R6/2 HD mice and human HD patients showed reduced 

H3K4me3 levels at promoters of selective down-regulated genes (Vashishtha et al., 2013). 

Integrated ChIP-seq and RNA-seq analyses further indicated that HD-associated changes in 
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H3K4me3 patterns strongly correlate with transcriptional changes in the cortex and striatum 

of R6/2 HD mice (Vashishtha et al., 2013). Interestingly, genes downregulated in R6/2 HD 

mice exhibited a unique H3K4me3 signature with a broad peak downstream of the TSS in 

WT mice. These results suggest that the specific H3K4me3 signature determines a response 

to mutant HTT expression, providing insights into the mechanistic basis of transcriptional 

dysregulation in HD (Vashishtha et al., 2013). Importantly, reducing the levels of H3K4me3 

demethylase SMCX/JARID1C (also known as KDM5C) reactivated several key neuronal 

genes that were downregulated by mutant HTT in primary neurons and was neuroprotective 

in a fly model of HD, suggesting that H3K4me3 changes may contribute to HD pathogenesis 

(Vashishtha et al., 2013). The role of these epigenetic changes in HD requires testing in 

mammalian models.

The contribution of H3K4me3 changes to transcriptional alterations in HD was further 

supported by a study using mouse embryonic stem cells (ESCs) and neural progenitor 

cells (NPCs) expressing mutant HTT with different sizes of CAG repeats (Biagioli et al., 

2015). The study showed that mutant HTT expression causes CAG repeat-length dependent 

alterations in H3K4me3, which correlates with changes in gene expression (Biagioli et 

al., 2015). Furthermore, genome-wide H3K4me3 ChIP-seq studies using NeuN-positive 

neuronal nuclei from the prefrontal cortex of human HD and control subjects identified a 

number of differentially enriched H3K4me3 peaks between HD and controls (Bai et al., 

2015; Dong et al., 2015). The differential H3K4me3 peaks were associated with genes 

implicated in neuronal development, synaptic functions, and neurodegeneration (Bai et al., 

2015). Unlike the data from the mouse HD cortex (Vashishtha et al., 2013), integrative 

H3K4me3 ChIP-seq and RNA-seq analyses with human HD and control prefrontal cortex 

showed a poor correlation between HD-associated H3K4me3 changes and gene expression 

changes (Dong et al., 2015). In this human study, however, ChIP-seq was conducted with 

neuronal nuclei (NeuN positive cells) sorted from the prefrontal cortex, while RNA-seq 

was conducted with prefrontal cortical tissue homogenate containing multiple cell types. 

Integration of ChIP- and RNA-seq data from the same samples or similar preparations is 

needed to more accurately address the relationship between epigenetic and transcriptional 

changes in human HD. Mechanisms linking mutant HTT to aberrant H3K4me3 patterns 

remain to be addressed in future studies.

Hypermethylation of histone H3K9 leads to transcriptionally repressive, closed chromatin. 

Increased levels of H3K9 methylation (H3K9me2/3) and H3K9 methyltransferase ERG-

associated protein with SET domain (ESET)/SETDB1 have been detected in the striatum 

of R6/2 HD mice and HD patients (Ferrante et al., 2004; Ryu et al., 2006). Treatment 

of R6/2 mice with mithramycin, a clinically approved antitumor antibiotic (anthracycline) 

that binds guanine-cytosine (CG)-rich DNA sequence, reduced the levels of H3K9me2/3 

and SETDB1 and improved HD-like phenotypes as well as extended the life span of 

HD mice (Ferrante et al., 2004; Ryu et al., 2006). These observations were confirmed in 

studies using different HD models and related anthracyclines (Lee et al., 2017a; Stack et 

al., 2007). Importantly, deficiency of SETDB1 in a Drosophila model of HD attenuated 

mutant HTT-induced eye degeneration (Lee et al., 2017a). These findings suggest that 

increased H3K9me3 via upregulation of SETDB1 may contribute to HD pathogenesis. The 

role of SETDB1 in HD, however, needs further investigations using mammalian models. 
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Several H3K9me2/3 methyltransferases are expressed in mammalian cells, and specific 

methyltransferase(s) involved in H3K9me3 changes in HD remain to be identified.

Interestingly, a recent study suggests a direct role of HTT in the regulation of H3K9me3 

through its interaction with the ATF7IP, a regulator of SETDB1. The study showed that WT 

HTT inhibits the association of the ATF7IP-SETDB1 complex with other heterochromatin 

regulators and transcriptional repressors and thereby maintains low levels of H3K9me3 in 

human ESCs, while mutant HTT with an expanded polyQ stretch loses the ability to interact 

with the ATF7IP-SETDB1 complex and induces H3K9me3 in induced pluripotent stem cells 

(iPSC) from HD patients (Irmak et al., 2018).

To identify gene expression changes caused by dysregulation of H3K9me3, integrative 

analysis of H3K9me3 ChIP-seq and RNA-seq were performed using HD model striatal 

cell lines (Lee et al., 2013). 545 genes with increased promoter H3K9me3 and decreased 

mRNA levels were identified and were enriched in genes related to synaptic transmission, 

cell motility, and neuronal differentiation pathways (Lee et al., 2013). Another recent 

study from the same group identified changes in the H3K9me3 landscape in the striatum 

of R6/2 HD mice versus WT mice by ChIP-on-ChIP analysis; genes with increased 

H3K9me3 occupancy were associated with biological processes, including cellular protein 

metabolic process and intracellular signal transduction, and genes with decreased H3K9me3 

occupancy were associated with sensory perception and neurological system processes 

in R6/2 mice compared to WT mice (Lee et al., 2017a). Nogalamycin, an anthracycline 

antibiotic and a chromatin remodeling drug, modulated HD-associated H3K9me3 landscape 

and showed beneficial effects in R6/2 HD mice, suggesting that targeting alterations in 

H3K9me3 occupancy in HD may be neuro-protective (Lee et al., 2017a).

A recent systematic genetic interaction study tested various lysine and arginine 

methyltransferases and demethylases in a Drosophila model of HD and identified 

H3K27me2/3 demethylase UTX (KDM6A) as a potential therapeutic target for HD, 

i.e., inhibition of UTX is neuro-protective (Song et al., 2018). Reducing the levels of 

UTX rescued HTT-induced pathology, while reducing the core components of H3K27 

methyltransferase PRC2 led to more aggressive pathology (Song et al., 2018). In the 

following subsection, we further describe recent findings on PRC2 and its potential role 

in HD.

4.4. Potential role of PRC2 in HD

Several studies have suggested the involvement of PRC2, the enzyme complex that is 

responsible for methylation of H3K27, in transcriptional changes and neurodegeneration in 

HD (Biagioli et al., 2015; Dong et al., 2015; Seong et al., 2010; von Schimmelmann et 

al., 2016). PRC2 is an evolutionarily conserved, multisubunit protein complex containing 

core components—enhancer of zeste homolog 1 (EZH1) or EZH2 (the catalytic subunit), 

suppressor of zeste 12 (SUZ12), embryonic ectoderm development (EED), and RB binding 

protein (RBBP) 4/7 (also known as RbAp48/46)—with several sub-stoichiometric subunits 

(van Mierlo et al., 2019). PRC2 is capable of catalyzing mono-, di- and tri-methylation 

of H3K27 and the only methyltransferase responsible for H3K27 methylation, with 

H3K27me2/3 highly associated with repressed genes. PRC2 is essential for embryonic 
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development, and has been implicated in diseases, such as cancer (Laugesen et al., 2016; 

Margueron and Reinberg, 2011; van Mierlo et al., 2019), but less is known about the role of 

PRC2 in the adult central nervous system.

Increasing evidence has implicated the involvement of PRC2 in transcriptional dysregulation 

in HD. HTT has been shown to interact with PRC2 and facilitate the PRC2 

methyltransferase activity in a polyQ-length dependent manner (Seong et al., 2010), raising 

the possibility that mutant HTT with an expanded polyQ tract alters gene expression through 

modulating PRC2 activity. In support of this hypothesis, expression of mutant HTT with 

an expanded CAG tract in mouse ESC and NPC lines by knock-in led to alteration in 

genome-wide H3K27me3 patterns in both cell types compared to WT control lines (Biagioli 

et al., 2015). Interestingly, mutant HTT expression was also prominently associated with 

alteration in H3K4me3 at transcriptionally active loci (Biagioli et al., 2015). These findings 

suggest that mutant HTT may have broader functions in the HD epigenome. A study with 

human neurons isolated from the prefrontal cortex of HD and non-neurologic controls 

indicated PRC2 is depleted in HD-associated distal H3K4me3 peaks, suggesting the role of 

PRC2 inhibition is associated with increased H3K4me3 in HD (Dong et al., 2015). Together, 

mutant HTT appears to dysregulate PRC2 in HD via as-of-yet unknown mechanism.

A study using PRC2 conditional knockout mice revealed a link between PRC2 and 

neurodegeneration (von Schimmelmann et al., 2016). PRC2 represses genes that are 

detrimental to the function and survival of adult neurons, and PRC2 deficiency in adult 

striatal MSNs causes derepression of selected PRC2 target genes, including a large number 

of self-regulating transcription factors normally suppressed in these neurons, leading to 

progressive and fatal neurodegeneration in mice (von Schimmelmann et al., 2016). The 

study also pointed to the significant overlap in gene expression changes in adult PRC2-

deficient neurons and HD brains from patients and mouse models, supporting the idea 

that loss of PRC2 may be involved in transcriptional alterations and neurodegeneration in 

HD (Song et al., 2018; von Schimmelmann et al., 2016). Interestingly, increased levels 

of H3K27me3 have also been linked to neurodegenerative disease. Ataxia-telangiectasia 

(A-T) is an autosomal recessive neurodegenerative disease caused by A-T mutated (ATM) 

protein deficiency. Loss of ATM has been shown to increase EZH2 stability as well as the 

levels of H3K27me3 in the cerebellum of human and mouse A-T (Li et al., 2013). EZH2 

deficiency by lentiviral knockdown of EZH2 ameliorated Purkinje cell neurodegeneration 

and behavioral phenotypes in an ATM-deficient mouse model of A-T, suggesting that 

increased levels of H3K27me3 are deleterious (Li et al., 2013). The findings from these 

studies (Li et al., 2013; von Schimmelmann et al., 2016)—both loss and gain of H3K27me3 

leading to neurodegeneration—indicate that PRC2 dysregulation may have a U-shaped 

effect in neurodegeneration and that proper balance of H3K27me3 is likely to be important 

to keep neurons healthy. It is still unclear whether PRC2 is abnormally activated or 

inactivated in HD neurons in vivo. Further investigations are needed to understand the role 

and mechanisms of PRC2 in HD neurodegeneration.

In addition to the potential connection between PRC2 and mutant HTT, wild-type 

HTT function may intersect with the PRC2 pathway. Genome-wide analysis of histone 

modifications using Htt knockout ESC and NPC lines showed that HTT is required for 
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proper regulation of H3K27me3 at bivalent loci (Biagioli et al., 2015). In addition, in vivo 
mouse studies showed similar phenotypes in Htt knockout embryos and Polycomb Eed 
knockout embryos (Faust et al., 1995; Woda et al., 2005). HTT is essential for embryonic 

development as inactivation of Htt in mice is embryonic lethal (Dragatsis et al., 1998; 

Duyao et al., 1995; Nasir et al., 1995; Zeitlin et al., 1995). Htt null embryos showed 

early patterning defects, including abnormal streak development, lack of headfold formation, 

ectopic expression of T (Brachyury), Evx1, and Nodal, and disruption of anterior primitive 

streak mesoderm production (Woda et al., 2005). These features of Htt null embryos are 

reminiscent of phenotypes in embryos deficient in Eed (Faust et al., 1995; Woda et al., 

2005).

5. Epigenetic regulation of DNA repair and genomic stability

Epigenetic regulation of chromatin structure plays a critical role in gene expression, but 

may also affect other key genomic processes, including DNA repair and genomic stability 

(Gorbunova et al., 2004; Jung and Bonini, 2007; Tini et al., 2002); reviewed in (Ding 

et al., 2019; Dion and Wilson, 2009; Huertas et al., 2009; Karakaidos et al., 2020) (Fig. 

2). Eukaryotic genomes are packaged into nucleosomes and chromatin, and chromatin 

organization imposes structural constraints on DNA repair, suggesting a requirement of 

chromatin modifications and remodeling activities to open local chromatin structure to allow 

the repair machinery to access DNA lesions. In addition, epigenetic modifications may be 

involved in other steps during DNA repair, e.g., transcriptional repression to prevent the 

transcriptional machinery from interfering with the repair process as well as closing local 

chromatin structure to restore its original state after repair is complete (Ding et al., 2019). 

DNA repair is an important process to maintain DNA integrity and genomic function, and 

deficiency in DNA repair has been linked to several neurodegenerative disorders, including 

HD (Jeppesen et al., 2011). Comprehensive reviews for the role of chromatin modifications 

and remodeling in DNA repair are found in (Ding et al., 2019; Huertas et al., 2009; 

Karakaidos et al., 2020).

Trinucleotide repeat instability is a key feature observed in human HD and other 

trinucleotide repeat disorders, including spinocerebellar ataxias (SCAs) and myotonic 

dystrophy, and repeat expansions in germline and somatic cells affect disease severity 

(Khristich and Mirkin, 2020). Mechanisms of trinucleotide repeat instability are not fully 

understood, but several mechanisms involving chromatin modifying enzymes, epigenetic 

marks, 3D chromatin domains, and DNA repair have been proposed (Dion et al., 2008; 

Dion and Wilson, 2009; Gorbunova et al., 2004; Jung and Bonini, 2007; Khristich and 

Mirkin, 2020; Sun et al., 2018). CBP, a HAT also known to regulate DNA repair (Dutto et 

al., 2018; Tini et al., 2002), has been shown to modulate repeat instability in Drosophila 

models of polyQ diseases, spinocerebellar ataxia type 3 (SCA3) and HD (Jung and Bonini, 

2007). The germline cells in the fly models recapitulated key features of human CAG-repeat 

instability with strong expansion bias. Genetically reducing CBP in the fly models enhanced 

repeat instability of SCA3 and HD transgenes. In contrast, overexpression of CBP resulted 

in a reduced rate of instability—treatment of flies expressing the pathogenic polyQ protein 

with pharmacological HDAC inhibitor to normalize acetylation levels suppressed repeat 

instability (Jung and Bonini, 2007). Consistently, decreased CBP activity has been linked 
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to polyQ diseases (Nucifora et al., 2001), and treatment of fly and mouse models of 

polyQ disease with HDAC inhibitor was protective against polyQ protein pathogenesis 

(Steffan et al., 2001). These results suggest that enhancing repeat instability is a toxic 

consequence of pathogenic polyQ protein. Genome-wide DNA demethylation has also been 

shown to destabilize trinucleotide repeat tracts (contractions or expansions) using DNMT 

inhibitors in two different cell lines, Chinese hamster ovary cells and fibroblasts from 

myotonic dystrophy patients, both carrying expanded trinucleotide repeats (Gorbunova et al., 

2004). Reducing maintenance DNMT1 (heterozygous for a null allele of Dnmt1) promoted 

intergenerational CAG repeat expansion in the mouse germline at the murine spinocerebellar 

ataxia type 1 (Sea1) locus (Dion et al., 2008). Whether epigenetic mechanisms play an 

important role in somatic repeat instability in the context of postmitotic neurons remains 

to be investigated. A recent finding suggested the intriguing possibility that topological 

3D chromatin structure could participate in somatic repeat instability observed in disease-

associated short tandem repeats (Sun et al., 2018). Hi-C data indicated that the majority 

of disease-associated repeats, including HTT CAG repeats, are localized at 3D chromatin 

domain boundaries with markedly high CpG-island density, suggesting that the epigenetic 

and topological environment at the boundaries makes repeats unusually susceptible to 

instability (Sun et al., 2018).

DNA mismatch repair and nucleotide excision repair proteins have also been shown to 

be involved in trinucleotide repeat instability (Dion and Wilson, 2009; Dragileva et al., 

2009; Flower et al., 2019; Jung and Bonini, 2007; Pinto et al., 2013; Tome et al., 2013). 

Recent GWAS data in patients with HD have implicated DNA repair pathways (with genes 

including FAN1, MLH1, PMS1, PMS2, MSH3, LIG1), in particular mismatch repair, as the 

most prominent modifiers of age of disease onset, highlighting the important contribution 

of repair pathways in the course of disease (Genetic Modifiers of Huntington’s Disease 

Consortium, 2015, 2019; Lee et al., 2017b; Moss et al., 2017). Inactivation of multiple 

mismatch repair genes, including MSH2, MSH3, MLH1, and MLH3, in HD mouse models, 

has been shown to suppress CAG expansion in HD (Schmidt and Pearson, 2016), suggesting 

a contribution of mismatch repair to HD repeat expansion in vivo. Single nucleotide 

polymorphisms (SNPs) of another repair factor, FAN1 also influences the age at onset 

in HD—knockout or knockdown of FAN1 in HD patient-derived iPSC and differentiated 

MSNs or HD mice increases somatic expansion of HTT CAG repeats (Goold et al., 2019; 

Kim et al., 2020; Loupe et al., 2020). Thus, the modulation of these repair proteins has 

therapeutic potential in HD. In addition, a recently characterized small molecule compound, 

naphthyridine-azaquinolone (NA) specifically binds the slipped-strand structure formed by 

expanded CAG repeats, resulting in specific contractions of the HD mutation both in HD 

cell models and in vivo in HD mouse striatum (Nakamori et al., 2020).

Many observations suggest that epigenetic alterations in HD affect genomic function beyond 

gene transcription. Whether mutant HTT-induced epigenetic dysregulation contributes to 

impairment of DNA repair and genome stability in neurons requires further investigation. 

Somatic trinucleotide repeat expansion of the mutant HTT gene is a hot target in current 

therapeutic development although the precise mechanisms of repeat expansion have yet to be 

elucidated. As mentioned above, epigenetic mechanisms, chromatin environment, and DNA 

mismatch repair are potential contributors to trinucleotide repeat expansion in HD. Whether 
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these mechanisms are interrelated or work independently to drive repeat instability remains 

unclear. Improved understanding of mechanisms driving HTT CAG repeat expansion may 

lead to identify more effective strategies to prevent repeat expansion.

6. Mitochondria dysfunction and epigenetic dysregulation in Huntington’s 

disease

Accumulating evidence suggests that there is an interplay between mitochondrial function 

and chromatin dynamics (Fig. 2). Mitochondria metabolism plays an important role in 

chromatin regulation by providing intermediate metabolites for generation of chromatin 

modifications. Intermediate metabolites produced in mitochondria and the cytosol, such 

as acetyl-CoA (Ac-CoA), α-ketoglutarate (α-KG), and S-adenosyl methionine (SAM), 

serve as co-factors or substrates for chromatin modifying enzymes (Matilainen et al., 

2017; van der Knaap and Verrijzer, 2016). For example, acetyl-CoA is used as an acetyl 

donor by histone acetyltransferases; α-KG generated in the TCA cycle is an essential 

cofactor of TET enzymes and Jumonji C domain-containing HDMs; SAM is used as a 

methyl donor by HMTs and DNMTs. Alterations in mitochondrial metabolism or metabolic 

state therefore affects the availability of cofactors and substrates for chromatin-modifying 

enzymes, leading to aberrant epigenetic signatures that alter chromatin accessibility and 

gene expression (Mohammed et al., 2020; van der Knaap and Verrijzer, 2016). Thus, 

mutant HTT-induced deficits in energy metabolism and mitochondrial dysfunction may 

contribute to epigenetic dysregulation (Fig. 2). It would be of interest to examine the levels 

of key intermediate metabolites that potentially contribute to chromatin modifications in 

HD. Additionally, a recently study showing the link between released mitochondrial RNA 

(a potent mitochondrial-derived innate immunogen) and the upregulation of innate immune 

genes in HD striatal spiny projection neurons suggests another potential point of crosstalk 

between mitochondrial dysfunction and epigenetic/transcriptional dysregulation (Lee et al., 

2020).

In addition to the influence of mitochondrial dysfunction to epigenetic modifications, 

epigenetic and transcriptional dysregulation in HD could affect mitochondrial function 

(Fig. 2). 99% of the approximately 1500 mitochondrial proteins are encoded by the 

nuclear genome, and the expression of these nuclear encoded mitochondrial proteins 

could potentially be affected by mutant HTT-induced epigenetic alterations, leading 

to mitochondrial dysfunction. Mutant HTT has been shown to repress expression of 

a key transcriptional coactivator, PPAR gamma coactivator 1 alpha (PGC-1α), which 

regulates expression of genes involved in energy metabolism, leading to downregulation 

of mitochondrial biogenesis in HD (Chaturvedi and Beal, 2013; Cui et al., 2006; Kim et 

al., 2010; Weydt et al., 2006). Thus, mitochondria and the nucleus could influence each 

other, and potentially these interactions may exacerbate the function of both organelles. In 

addition, direct action of mutant HTT on mitochondria could cause mitochondrial defects 

(Orr et al., 2008; Panov et al., 2002; Song et al., 2011b; Yano et al., 2014; Yu et al., 2003). 

Therefore, targeting both epigenetic dysregulation and mitochondrial dysfunction may lead 

to more effective neuroprotective treatments for HD.
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7. Therapeutic implications for epigenetic-based treatments for HD

Currently, no disease-modifying treatment exists to delay onset or slow disease progression 

in HD. Pharmacological or genetic inhibition of several epigenetic-modifying enzymes, 

including DNMTs and HDACs, in cell and animal models of HD, showed neuroprotection 

and ameliorated disease phenotype, suggesting their potential utility for HD. Inhibitors of 

DNMTs and HDACs were initially developed as cancer drugs and have been clinically used 

for treatment of cancers, but they have been gaining attention for the treatment of HD. The 

therapeutic potential of DNMT or HDAC inhibitors has also been suggested for several 

other neurodegenerative diseases, including polyQ disorder SBMA, AD, PD, and ALS 

(Kondo et al., 2019; Lu et al., 2013; Sharma and Taliyan, 2015; Shukla and Tekwani, 2020). 

The neuroprotective ability of DNMT inhibitors has been demonstrated in primary neuron 

models of HD (Pan et al., 2016), but it remains to be evaluated in vivo in proof-of-concept 

preclinical animal studies for HD. The efficacy of several broad-spectrum HDAC inhibitors, 

including sodium phenylbutyrate, SAHA, and TSA has been proven in preclinical studies 

with different HD animal models as described above. A phase II safety and tolerability 

trial for human HD (PHEND-HD, NCT00212316) with sodium phenylbutyrate had been 

completed (Hogarth et al., 2007). But most of the pharmacological inhibitors targeting 

HDACs or DNMTs used in HD preclinical studies are broad-spectrum and not inhibiting a 

specific enzyme. The use of a broad-spectrum inhibitors may face many challenges, such 

as unintended off-target effects and consequent toxicity and may fail to induce beneficial 

long-term response. Selective targeting of key chromatin modifier(s) is required and have 

higher potential to lead to effective clinical treatments with less toxicity.

The epigenetic-targeted strategies identified in other related neuro-degenerative diseases, 

which share some common molecular bases of neurodegeneration with HD, may also have 

therapeutic utility in HD. Additional strategies already proven to be effective in animal 

models of AD, such as the use of HAT activators (Chatterjee et al., 2013, 2018) or the use 

of epi-editors (epigenetic editing) focusing on particular identified target regulatory regions 

(Bustos et al., 2017) may have therapeutic relevance for HD.

Age is a well-known primary risk factor for HD and other late-onset neurodegenerative 

diseases and affects the epigenome. Environmental factors and experience, such as exercise, 

diet, microbiomes, and social interactions, could also impact the epigenome (Kanherkar 

et al., 2014). The interaction between the environment and the epigenome may cause 

beneficial changes in gene expression phenotypes of HD and could offer potential non-

pharmacological strategies, although which factors have beneficial or harmful effects on the 

HD epigenome still requires careful study.

8. Conclusions and future perspectives

In the past decade, a number of studies have revealed that mutant HTT expression induces 

genome-wide changes in multiple epigenetic modifications in human HD tissues and cell 

and animal models (Table 1), suggesting that altered chromatin structure contributes to 

HD pathogenesis. Targeting these alterations represents a potential therapeutic strategy. 

Development of selective inhibitors targeting specific epigenetic regulator(s) involved in 
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transcriptional alterations and neuronal death in HD in vivo will help to establish effective 

therapeutic strategies with fewer side effects and toxicity. Pharmacological inhibitors of 

chromatin-modifying enzymes, including HDACs and DNMTs, have been shown to be 

neuroprotective and beneficial to HD in disease models. Understanding the mechanisms 

of neuroprotection triggered by these epigenetic-based treatments is likely to provide 

additional new molecular targets for HD therapy. Environmental factors that counteract 

mutant HTT-induced epigenetic defects or aging may have beneficial effects on HD. 

As discussed, mitochondria may be another mechanism of epigenetic control (Fig. 2). 

Therapeutic strategies targeting the action of mutant HTT on both nucleus and mitochondria 

may represent a promising therapeutic approach for HD. Epigenetic dysregulation in HD 

may influence DNA repair and genomic stability, in addition to transcriptional activity 

(Fig. 2), and impairment of these genomic functions may contribute to HD pathogenesis. 

Improved molecular understanding of epigenetic regulation is expected to provide important 

foundational knowledge for the development of therapeutic strategies targeting epigenetic 

abnormalities in HD and potentially other neurodegenerative diseases.
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Fig. 1. 
A model for DNA methylation-mediated gene repression in HD. Schematic shows potential 

players involved in promoter hypermethylation and transcriptional repression in HD 

neurons. Mutant HTT (mHTT) expression increases the levels of DNA methylation at 

specific gene promoters, including Bdnf exon IV promoter in cortical neurons (Pan et 

al., 2016). Dnmt1/DNMT3A-mediated promoter methylation contributes to transcriptional 

repression of genes important for neuronal function and survival, leading to neuronal 

dysfunction and death (Pan et al., 2016). Methyl-CpG-binding protein MeCP2 binds 

to methylated DNA and recruits epigenetic modifiers, including HDAC, to repress 

transcription. DNMT1 and DNMT3A may also interact with HDACs (Fuks et al., 2001; 

Rountree et al., 2000). mHTT directly binds to MeCP2 and enhances binding of MeCP2 

to Bdnf exon IV promoter, leading to downregulation of Bdnf (McFarland et al., 2014). 

In cancer, Polycomb repressive complex 2 (PRC2) core subunit EZH2 recruits DNMTs to 

specific gene promoters via direct interaction (Vire et al., 2006). Whether this mechanism 

occurs in HD neurons remains to be tested. Me, methylation (5mC).
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Fig. 2. 
Epigenetic dysregulation leading to neurodegeneration in HD. N-terminal mutant HTT exon 

1 (mHTT ex1) fragments generated by aberrant splicing are highly pathogenic. mHTT 

ex1 causes changes in DNA methylation and histone modifications and alters chromatin 

structure. These changes induce transcriptional dysregulation and could also affect DNA 

repair and genomic stability, leading to neuronal dysfunction and death in HD. Epigenetic 

and transcriptional dysregulation in HD could alter expression of nuclearly encoded 

mitochondrial proteins essential for mitochondrial function and energy metabolism, leading 

to mitochondrial dysfunction. The direct action of mHTT on mitochondria also causes 

toxicity. Metabolic changes in HD mitochondria may affect the availability of cofactors for 

chromatin modifying enzymes, causing epigenetic dysregulation. Aging and environmental 

factors could influence epigenetic mechanisms. Inhibitors of epigenetic modifiers, including 

DNMTs and HDACs, may reverse mutant HTT-induced epigenetic and transcriptional 

alterations and block neurodegeneration.
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Table 1

Genome-wide DNA methylation and histone modification analyses in HD.

DNA modifications Samples Reference

5mC Human HD (fibroblasts; with or without HDACi 4b treatment) Jia et al. (2015)

Human HD (various brain regions: caudate nucleus, cingulate gyrus, cerebellum, 
hippocampus, parietal cortex, frontal lobe, occipital cortex, temporal cortex, midbrain, motor 
cortex, sensory cortex, and visual cortex)

Horvath et al. (2016)

Human HD (cortex and liver) De Souza et al. (2016)

Human HD (blood) Zadel et al. (2018)

Human HD (blood, lymphoblastoid cells, and fibroblasts) Lu et al. (2020)

HD sheep (blood) Lu et al. (2020)

Q175 Htt KI mice (striatum, cerebellum, liver, cortex, and blood) Lu et al. (2020)

Mouse striatal cell lines, STHdhQ7 and STHdhQ111 Ng et al. (2013)

5hmC YAC128 HD mice (striatum and cortex) Wang et al. (2013a)

Histone 
modifications

Samples Reference

H3K9ac, H3K14ac, 
H4K12ac

N171-82Q HD mice (hippocampus and cerebellum) Valor et al. (2013)

H3K9ac, H3K14ac R6/2 HD mice (striatum, 12 wk) McFarland et al. (2012)

H3K27ac Human HD (caudate nucleus and cerebellum) Merienne et al. (2019)

R6/1 HD mice (striatum, 30 wk of age) Achour et al. (2015)

R6/1 HD mice (striatum, 8 wk) and CHL2 (Hdh(CAG)150) heterozygous KI mice Yildirim et al. (2019)

H3K4me3 Human HD (NeuN positive neurons from prefrontal cortex) Dong et al. (2015)

Human HD (NeuN positive neurons from prefrontal cortex) Bai et al. (2015)

R6/2 HD mice (striatum and cortex, 8 and 12 wk) Vashishtha et al. (2013)

Mouse ESC and NPC (Htt KO, mutant Htt KI) Biagioli et al. (2015)

H3K9me3 Human ESC, NPC (HTT knockdown) Irmak et al. (2018)

Mouse striatal cell lines, STHdhQ7 and STHdhQ111 Lee et al. (2013)

R6/2 HD mice (striatum 10wk; with or without nogalamycin treatment) Lee et al. (2017a)

H3K27me3 Mouse ESC and NPC (Htt KO, mutant Htt KI) Biagioli et al. (2015)

H3K36me3 Mouse ESC and NPC (Htt KO, mutant Htt KI) Biagioli et al. (2015)

H2Aub R6/2 HD mice (striatum, 12 wk) McFarland et al. (2013)

Details are discussed in the text. The age of mice is indicated for R6/1 and R6/2 models (wk = weeks). ESC, embryonic stem cells; NPC, neural 
progenitor cells; KI, knock-in; KO, knockout; ac, acetylation; me, methylation; ub, ubiquitination; nogalamycin, an anthracycline antibiotic.
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Table 2

Pharmacological and genetic inhibition of DNMTs in primary neuron and mouse models of HD and other 

neurodegenerative conditions.

Neuronal insults and 
disease models

Methods targeting 
DNMTs

Beneficial effects Reference

Primary neuron cultures

Mutant HTT-expressing 
primary cortical and 
striatal neurons

Decitabine, FdCyd; 
DNMT RNAi

Treatment with decitabine, FdCyd, or shRNAs targeting DNMT3A 
and DNMT1 attenuated mutant HTT (exon 1)-induced transcriptional 
changes and neurodegeneration in mouse primary cortical and striatal 
neuron systems. Decitabine treatment reduced the levels of mutant 
HTT aggregates in primary cortical neurons.

Pan et al. (2016)

Oxidative stress in 
primary cerebellar 
granule neurons

Decitabine Hydrogen peroxide-induced neuronal death and reduction of Klotho 
protein levels were rescued by decitabine treament in mouse primary 
cerebellar granule neurons.

Xin et al. (2015)

Retinal photoreceptors 
from a mouse model of 
retinitis pigmentosa

Decitabine Decitabine treatment reduced photoreceptor cell death in organotypic 
retinal explant cultures from a mouse model of retinitis pigmentosa.

Farinelli et al. 
(2014)

Mouse models in vivo

HD FdCyd Striatal genes downregulated in R6/2 HD mouse brain, including 
Drd2, Adora2a, Ppp1r1b, and Rosd2, were restored by ICV infusion 
of FdCdy by osmotic pump.

Pan et al. (2016)

SBMA RG108 ICV infusion of RG108 by osmotic pump improved motor function 
and survival of AR-97Q SBMA mice. RG108 treatment suppressed 
spinal motor neuron atrophy in AR-97Q mice.

Kondo et al. (2019)

Scitatic nerve avlusion RG108 Inhibition of DNMTs with RG108 blocked the increase in 5mC 
present in the cytoplasm and the nucleus and the apoptosis of motor 
neurons induced by sciatic nerve avulsion in adult mice.

Chestnut et al. 
(2011)

Ischemic brain injury Decitabine; Dnmt1 
heterozygous KO

ICV pre-administration of decitabine in WT mice reduced ischemic 
brain damage after mild focal ischemia (MCAo/reperfusion). Mutant 
mice heterozygous for a Dnmt1 gene deletion were resistant to mild 
ischemic damage.

Endres et al. 
(2000)

Conditional Dnmt1 
heterozygous KO 
(CamKIIa-Cre)

Reduced levels of DNMT1, but not its complete deletion, in 
postmitotic neurons of the postnatal brain showed smaller infarcts 
following MCAo/reperfusion compared to control WT.

Endres et al. 
(2001)

ICV, intracerebroventricular; decitabine (5-aza-2′-deoxycytidine) and FdCyd (5-fluoro-2′-deoxycytidine), nucleoside analog DNMT inhibitors; 
RG108, non-nucleoside DNMT inhibitor; HD, Huntington’s disease; SBMA, spinal and bulbar muscular atrophy; AR, androgen receptor; MCAo, 
middle cerebral artery occlusion; KO, knockout.
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