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Abstract

Alcohol use disorder (AUD) is a leading cause of morbidity and mortality. Despite AUD’s 

substantial contributions to lost economic productivity and quality of life, there are only a limited 

number of approved drugs for treatment of AUD in the United States. This chapter will update 

progress made on the epigenetic basis of AUD, with particular focus on histone post-translational 

modifications and DNA methylation and how these two epigenetic mechanisms interact to 

contribute to neuroadaptive processes leading to initiation, maintenance and progression of AUD 

pathophysiology. We will also evaluate epigenetic therapeutic strategies that have arisen from 

preclinical models of AUD and epigenetic biomarkers that have been discovered in human 

populations with AUD.
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1. Introduction

Alcohol use disorder (AUD) is the third leading preventable cause of death in the United 

States and accounts for over $249 billion dollars in lost economic costs yearly (Sacks et al., 

2015). Alcohol attributable deaths account for 88,000 deaths yearly in the US (Centers for 

Disease Control and Prevention, 2013). Despite this considerable health and socioeconomic 

burden, therapeutic treatment options for AUD are limited relative to some other drugs of 

abuse and other psychiatric and health diseases. AUD is a complex psychiatric disorder that 

involves various phases of the addiction cycle and changes in many different signaling 

pathways and behavioral outputs (Koob and Volkow, 2016; Pandey et al., 2017). Epigenetics 

is a critical mechanism that controls gene expression, a growing body of literature 
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demonstrates that it is important in regulating many different facets of AUD, and drugs that 

work on an epigenetic level may be viable treatment strategies for AUD (Berkel and Pandey, 

2017; Pandey et al., 2017). This chapter will review the progress that has been made in 

epigenetic mechanisms that underlie AUD with specific focus on histone posttranslational 

modifications and also briefly on DNA methylation.

1.1. Conceptual Framework of AUD

AUD can be assessed as a conceptual framework with three major stages: 1) compulsion to 

seek and obtain a drug, 2) a binge period viewed as a loss of control in limiting drug intake, 

and 3) negative affect or withdrawal after the pharmacological effects of the drug are no 

longer active (Koob and Volkow, 2016). In both clinical populations and in animal models of 

alcohol abuse, researchers can distinctly identify, define, and test each of these three stages 

(Koob and Volkow, 2016; Kwako et al., 2016). (Figure 1).

1.2. Risk Factors for AUD

Several risk factors have been identified that might play a role in the development of AUD. 

This includes comorbid psychiatric disorders, genetic factors, environmental factors, 

personality factors, alcohol consumption history, and age of onset.

Most individuals with AUD suffer from a comorbid psychiatric disorder, such as depression, 

schizophrenia, PTSD, and anxiety disorders (Kessler et al., 1996; Regier, 1990). For 

example, individuals with anxiety disorder are at a higher risk to also be diagnosed with 

alcohol dependence (Kessler et al., 1996; Regier, 1990). Much work has been done to 

differentiate comorbid psychiatric disorders and symptomology that occurs in response to 

heavy alcohol consumption and withdrawal. For example, acute anxiety induced during 

withdrawal after alcohol exposure typically resolves itself within a few days to weeks 

following detoxification, treatment, and abstinence (Anthenelli and Schuckit, 1993; Brown 

et al., 1991; Kranzler, 1996). Nonetheless, pre-existing anxiety disorder or the development 

of an anxiety disorder during withdrawal after alcohol use appears to form a vicious cycle of 

addiction and promote alcohol drinking behaviors (Pandey et al., 2017).

Genetic factors are also considered to increase the risk of alcohol dependence, as family and 

twin studies suggest that heritability of AUD is between 40 and 60% (Prescott and Kendler, 

1999). A recent large genome-wide association study evaluated 274,424 individuals and 

found 10 genomic loci associated with AUD diagnosis (Kranzler et al., 2019). Similar to 

findings in previous studies, this study found that AUD was significantly associated with 

polymorphisms in the alcohol dehydrogenase 1C (ADH1C) gene (Kranzler et al., 2019). A 

second study also using a large number of individuals with alcohol use disorder (n = 

173,296) found six significant loci that were associated with alcohol consumption (ADH1B, 
KLB, BTF3P13, GCKR, SLC39A8 and DRD2) (Thompson et al., 2020). Alcohol 

metabolism genes have long been shown to be associated with alcohol dependence (Li et al., 

2012). However, identification of a genetic phenotype that drives AUD is unlikely, 

suggesting that other factors are also involved. Studies are also emerging that integrate the 

interaction of genetic with epigenetic factors that may be involved in pathophysiology of 

AUD (Krishnan et al., 2014; Starkman et al., 2012)
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Not surprisingly, epidemiological studies have identified that binge consumption of alcohol 

(5+ drinks per day) greatly increases the chance for developing an AUD (Caetano et al., 

1997) and increases the risk of associated morbidity and mortality (Rehm et al., 2006). The 

differences in alcohol consumption patterns and habits have received renewed attention, with 

one study observing that about ~15% of outbred rats will consume alcohol over a sugar 

reward (Augier et al., 2018), which is similar to the finding that only 5.8% of individuals in 

the United States qualify as having an AUD (Substance Abuse and Mental Health Services 

Administration & Center for Behavioral Health Statistics and Quality., 2014). This suggests 

that individual personality traits contribute to the development and severity of AUD. One 

study using the Cloninger Personality Inventory has found that individuals with higher 

scores for “search for novelty” and “avoidance of damage” have worse prognosis outcomes 

(e.g. higher number of relapses) when treated for AUD (Álvarez et al., 2018). A meta review 

looking specifically at binge drinking finds that “high impulsivity” and “high sensation 

seeking”, as well as “anxiety sensitivity”, “neuroticism” “extraversion” and “low 

conscientiousness” are personality traits attributed to individuals who binge drink (Adan et 

al., 2017).

Another risk factor that appears to be crucial in the development of AUD is the age of onset. 

It has been shown that individuals who begin drinking during adolescence are 5–7 times 

more likely to develop an AUD later in life (Grant et al., 2001). One of the largest predictors 

of adolescent alcohol consumption is peer influences, especially from high-intensity 

friendships (e.g. best friend) (Cruz et al., 2012). Other predictors involved are emotional 

stress and risk taking behavior, especially in individuals who rapidly escalate and begin 

drinking heavily (Colder et al., 2002). Recently, tremendous progress has been made to 

better understand the neurobiology of persistent effects of adolescent alcohol exposure in 

adult psychopathology (Crews et al., 2019; Kyzar et al., 2016)

Taken together this suggests that numerous social, psychological, and economic 

circumstances dictate risk for developing an AUD. The way different risk factors interact 

and contribute to outcomes of AUD may be better understood by deciphering some of the 

molecular and epigenetic processes that drive behavioral changes, which could also be 

useful for the development of suitable biomarkers that may improve the diagnosis and 

treatment of AUD.

2. Epigenetics and gene expression

Epigenetics is broadly defined as changes to gene expression that aren’t due to mutations to 

the underlying sequence of DNA (e.g. not a single nucleotide polymorphisms, truncations, 

or recombination events) (Allis and Jenuwein, 2016). There are several different 

mechanisms that control gene expression. The most broadly studied are changes in 

chromatin structure that permit or restrict gene transcription. Changes in three-dimensional 

chromatin structure open or close chromatin to allow the binding of RNA polymerase II 

(RNAPII) to facilitate gene transcription (Kim et al., 2005). Chromatin is tightly condensed 

within the nucleus and consists of a base unit of a nucleosome which is ~146 bp of DNA 

wrapped around an octamer of histones consisting of 2 copies of each isoform (H2A, H2B, 

H3 and H4) (Kouzarides, 2007). In general, open chromatin, or the lack of tightly packed 
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nucleosomes, is associated with active transcription and is called permissive (Lee et al., 

2004). Changes in chromatin structure can occur in response to an external stimulus such as 

alcohol consumption or withdrawal (Pandey et al., 2017). Changes can also occur because of 

predefined developmental programs, such as the ones that determine stem cell differentiation 

(Boyer et al., 2006). These processes are highly organized, and disruption to these processes 

either through somatic mutations or through aberrant signaling cascades can result and 

potentiate human disease (Jiang et al., 2004).

Several methodologies are available for testing open and closed regions in chromatin 

structure, including assay for transposase-accessible chromatin using sequencing (ATAC-

seq) (Buenrostro et al., 2013), circularized chromosome conformation capture (4C) (Simonis 

et al., 2006), and chromosome conformation capture (3C) (Dekker, 2002), Hi-C (which is a 

sequencing method of 4C and 3C) (Lieberman-Aiden et al., 2009) and older methods such 

as formaldehyde-assisted isolation of regulatory elements (FAIRE-seq) (Giresi et al., 2007), 

and DNAseI-seq (Boyle et al., 2008). ATAC-seq has been applied recently to single-cells to 

better understand regulatory chromatin structure as it applies to cell-type heterogeneity 

within the brain (and other tissues) (Cusanovich et al., 2018). ATAC-seq has been used to 

determine glutamatergic gene dysregulation in human heroin abusers (Egervari et al., 2017) 

and is likely to be used more as a method to better understand chromatin regulatory 

mechanism that are involved in alcohol and other drugs of abuse.

2.1 Histone post-translational modifications

The most studied epigenetic process is histone post-translational modifications (PTMs) 

which involve covalent modifications to histone tails which change the charge of the 

nucleosome and allow for more permissive or restrictive transcription. These processes 

include acetylation (lysine [K] residues), methylation (arginine [R] and K residues), 

phosphorylation (serine [S] and threonine [T] residues), citrullination, ubiquitination, 

sumoylation, ADP ribosylation and proline isomerization (Kouzarides, 2007; Strahl and 

Allis, 2000). PTMs to histone tails are often combinatorial, but, broadly, histone acetylation 

(Bernstein et al., 2005) and phosphorylation are associated with permissive or open 

chromatin and upregulate gene transcription while sumolyation, ubiquitination, and 

citrullination are associated with repressive chromatin and downregulated gene transcription 

(Kouzarides, 2007; Strahl and Allis, 2000). Histone methylation is more complex, with 

H3K4 and H3K36 methylation being involved in activation and di- and tri-methylation at 

H3K9, H3K27, and H4K20 being involved in transcription repression (Boyer et al., 2006; 

Kouzarides, 2007; Strahl and Allis, 2000). Recent studies have identified other forms of 

histone PTMs that are enriched in neurons, such as serotonylation (Farrelly et al., 2019) 

which is a permissive marker of chromatin and interacts with H3K4me3. Another recent 

study has discovered that dopaminylation can occur at H3 glutamine 5 and is involved in 

cocaine-induced transcriptional plasticity in the brain (Lepack et al., 2020). Over 400 

histone PTMs have been described, and the use of mass spectrometry is currently one of the 

best methods to discover these new variants and combinations (Huang et al., 2014). Mass 

spectrometry combined with sequencing technology can be used to better understand these 

new or previously undescribed marks and their impact on chromatin structure and gene 

expression (Sidoli et al., 2019). Finally, it is highly likely that there are still undiscovered 
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histone PTMs and those may also have considerable impact to regulating chromatin 

structure and overall effects on gene transcription.

The most common area for histone PTMs to be associated with is within ±2kb of the gene 

transcriptional start site (TSS) (Barski et al., 2007; Bernstein et al., 2005; Kim et al., 2005; 

Wang et al., 2008). Differential association patterns of histone PTMs can be used to predict 

the function of the regulatory element, for example, high H3K4me1, H3K27ac, and low 

H3K4me3 is often used as a mark of enhancer regions whereas active promoters contain 

high H3K4me3 and low H3K4me1 (Heintzman et al., 2007). Other regulatory marks, such 

as bivalent promoters, contain both activating H3K4me3 and repressive H3K27me3 and are 

thought to be poised in pluripotent stem cells to allow for efficient differentiation (Mikkelsen 

et al., 2007). Further, H3K36me3 is often found at both coding and non-coding transcripts 

(Mikkelsen et al., 2007), but the absence of H3K4me3 is associated with only non-coding 

RNAs (Guttman et al., 2009). Adding further complexity, different transcript variants of 

histones can contribute to differential gene expression and presence of PTMs, and this 

process was recently identified to occur in the brain (Maze et al., 2015). The combinatorial 

control and identification of different histone PTMs is still an area of immense study, and 

chromatin immunoprecipitation sequencing (ChIP-seq) remains the gold-standard for 

probing these different mechanisms (Robertson et al., 2007). Updated methods such as “Cut 

and Run” that are based on a hybrid antibody-nuclease strategy vastly increase resolution 

and decrease background and could allow for deeper insight into epigenetic regulation by 

both histone PTMs and transcription factors (Skene and Henikoff, 2017). To date, there are 

some instances of single cell ChIP-seq (Grosselin et al., 2019); although this technique has 

yet to be widely employed, it remains a target goal in the field of epigenetics for better 

understanding of tissue and cell-type (e.g. brain) heterogeneity in both normal and disease 

states.

2.2 Readers, Writers, and Erasers of Histone Post-translational Modifications

Histone PTMs are regulated by three different protein family classifications based on 

function, readers, writers, and erasers. Readers identify histone PTMs and bind to them, 

writers add histone PTMs, and erasers remove histone PTMs. In some cases, reading motifs 

are combined with writing or erasing catalytic ability. These three classifications of proteins 

work in concert to tightly control gene transcription and are the target of continued drug 

development not only in psychiatric disorders but in other human diseases as well 

(Arrowsmith et al., 2012) (Figure 2).

2.2.1 Readers of Histone Post-translational Modifications: Readers bind histone 

PTMs and are involved in recruitment of transcription factors or other regulatory proteins to 

facilitate gene transcription or repression. They also act to recruit other histone PTM 

modifying proteins, such as writers or erasers to modulate gene transcription. One of the 

most important functional readouts is that they are involved in chromatin remodeling, by 

mobilizing nucleosomes in and out of chromatin structure (Musselman et al., 2012). Readers 

can be divided into several subdivisions based on structural motifs: bromodomain-containing 

proteins, Tudor domains, chromodomains, MBT domains, PWWP domains, and PHD-

containing proteins among others (Arrowsmith et al., 2012). We will briefly describe some 
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of the most well-studied readers. Although orphan readers and their reader families will 

likely continue to be discovered and described, they are outside the scope of this review.

2.2.1.1 Bromodomain-containing proteins:  Bromodomain-containing proteins, 

specifically the bromodomain and extra terminal domain family (BET) family, are a group 

of 61 proteins with a ~110 amino acid protein domain that recognize acetylated lysine 

residues (Arrowsmith et al., 2012; Winston and Allis, 1999). The BET family recognizes 

histone lysine acetylation, is involved in transcription activation, and comprises of BRD2, 

BRD3, BRD4, and BRDT. BRD proteins facilitate transcription through a number of 

different mechanisms, including binding to positive elongation factor (P-TEFb) that leads to 

elongation and RNAPII transcription of mRNA (Jang et al., 2005) and fine tuning the 

transcription of both coding and noncoding enhancer RNAs (Kanno et al., 2014). Small 

molecule inhibitors for bromodomain-containing proteins have shown promise for treating 

cancer (Filippakopoulos et al., 2010). Cocaine self-administration increases BRD4 

expression but not BRD2 and BRD3 expression, and the use of the BET inhibitor JQ1 

reduced cocaine condition place preference in mice (Sartor et al., 2015). This suggests that 

BET family proteins may also play a role in regulating addiction and AUD, although to date 

this is still an emerging line of study.

2.2.1.2 Tudor domain proteins:  Tudor domain-containing proteins contain 

approximately sixty amino acids with 4–5 antiparallel β-strands that form a barrel like 

structure. Tudor domain-containing proteins act as histone methylation readers and have 

been found to recognize H3K4me3, H3K9me2, H3K36me3, and H4K20me3 (Lu and Wang, 

2013). There are approximately 30 proteins in this family, including, JMJD2, 53BP1, 

SGF29, Spindlin1, UHRF1, PHF1, OHF19, LBR, and TDRD3 (which recognizes 

methylated arginine residues) (Lu and Wang, 2013). Functional activities of this family are 

involved in DNA methylation, transcription repression and activation, non-homologous end 

joining, DNA damage detection and repair, and rRNA gene expression (Lu and Wang, 

2013). Importantly, the UHRF1, which binds H3K9me3, has been shown to be important in 

maintenance of DNA methylation by interactions with DNMT1 (Rothbart et al., 2012) and 

epigenetic inheritance of DNA methylation (Rothbart et al., 2013). Since DNA methylation 

is well described as being involved in addiction, this suggests that Tudor domain-containing 

proteins may also be involved in regulating addiction and AUD behaviors.

2.2.1.3 Chromodomain proteins:  Chromatin organization modifier domain 

(chromodomain)-containing proteins were historically associated with chromatin silencing 

(James and Elgin, 1986). There are approximately 55 chromodomain containing proteins 

identified in humans (Blus et al., 2011). The canonical motif for chromodomains is based off 

the HP1 which is a fold consisting of three anti-parallel β-strands and an α-helix (Ball et al., 

1997). Chromodomain containing proteins are categorized into two groups: canonical (based 

on HP1’s structure), which includes polycomb proteins [Cbx1–9], Su(Var) 3–9, CMT1–3, 

and CDY among others, and noncanonical, which includes CHD1–8, RBBP1, HRP1 and 3, 

among others (Blus et al., 2011). HP1 and polycomb proteins recognize H3K9me and 

H3K27me via the ARKS/T amino acid motif (Blus et al., 2011; Kaustov et al., 2011), while 

other members of the chromodomain family recognize other forms histone methylation 
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(Blus et al., 2011). The noncanonical chromodomain proteins are based off chromo-ATPase/

Helicase-DNA-binding (CHD) proteins which contain double chromodomains in the N-

terminal, a SNF2-type helicase, and are involved in chromatin remodeling (Woodage et al., 

1997). These proteins are involved in a number of different processes, including 

transcription elongation (Sims et al., 2007) and neural stem cell formation (Bajpai et al., 

2010). CHD7 uniquely recognizes H3K4me1 at enhancers (Bajpai et al., 2010). CHD8 was 

identified in large-scale exome sequencing as being an autism candidate gene (O’Roak et al., 

2012), suggesting that chromo-domain proteins play a role in regulating brain activity and 

may be involved in critical periods of brain development.

2.2.1.4 MBT domain proteins:  The malignant brain tumor (MBT) domain-containing 

proteins recognize mono- and di-methylated lysine (Bonasio et al., 2010; Li et al., 2007). 

The MBT family contains ~30 proteins and is defined by a two structural motifs, a 30–50 n-

terminal formed by one alpha and one 310 helix and a longer c-terminal motif containing 

five β strands arranged in a barrel topology, a 310 helical turn connecting β3 and β4, an α-

helix, and a final sixth β-strand (Wang et al., 2003). Proteins included in this family are 

L3MBTL1–4, SCMH1, and SCML2 (Bonasio et al., 2010). MBT proteins are involved in 

transcription repression (Bonasio et al., 2010).

2.2.1.5 PWWP domains.: The PWWP domain is a 80–130 amino acid protein that 

contains Pro-Trp-Trp-Pro and contains two motifs, a β-barrel composed of 5 antiparallel β-

strands and C-terminal helix which can contain two to six α helices (Hong Wu et al., 2011). 

Proteins in this family include DNA methyltransferase 3A and B, Pdp1–2, BRPF1–3, among 

others (Rona et al., 2016). The PWWP domain allows members of this family to bind non-

specifically to DNA (Qiu et al., 2002; Rona et al., 2016) and bind H3K36me3 (Vermeulen et 

al., 2010), with the exception of Pdp1 (which binds H3K20me1) (Wang et al., 2009). PWWP 

domain containing proteins are involved in a number of biological processes including DNA 

repair, transcriptional regulation, DNA methylation and histone modification (Qin and Min, 

2014; Rona et al., 2016).

2.2.1.6 PHD-containing proteins:  The plant homeodomain (PhD) zinc finger proteins 

read DNA sequences, and this is modulated by the methylation state of both lysine and 

arginine residues (Li et al., 2007; Sanchez and Zhou, 2011). The PHD finger is a 50–80 

amino acids motif that consists of two-strand anti-parallel β-sheet and an α-helix (which is 

not present in all PHD family members) that has two zinc atoms anchored to the Cys4-His-

Cys3 motif in a cross-brace topology (Li et al., 2007). PhD proteins recognize H3K4 

methylation state (Li et al., 2007; Sanchez and Zhou, 2011), H3R2 (Chignola et al., 2009) 

and in one case H3K14 (Sanchez and Zhou, 2011). PhD proteins represent some of the best 

examples from the “reader” class of proteins in combinatorial control of transcription owing 

to their ability to read multiple different post-translational modifications at once (Sanchez 

and Zhou, 2011).

2.2.2 Writers of Histone Post-translational Modifications:

2.2.2.1 Histone Acetyltransferases (HATs):  HATs are enzymes that acetylate lysine 

residues on histones by converting Acetyl-CoA to form ε-N-acetyl lysine. Histone 
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acetylation can occur on H2A (K5 and K9), H2B (K5, K12, K15, K16, K20, and K120), H3 

(K4, K9, K14, K18, K23, K27, K36 and K56). Most HATs are located in the nucleus (Type 

A) while Type B HATS are located in the cytoplasm (Lee and Workman, 2007; Roth et al., 

2001). The three most studied families of HATs are the MYST family (consisting of MOZ, 

YBF2/SAS3, SAS2, Tip60), GNAT, and EP300 (consisting of CREB Binding Protein [CBP] 

and P300) (Arrowsmith et al., 2012; Roth et al., 2001). Most HATs contain lysine 

acetylation recognition domain, the GNAT type A motif, (R/Q-X-X-G-X-G/A) is found in 

both in the GNAT and MYST families while the EP300 family contains multiple acetylation 

recognition motifs including a bromodomain (Roth et al., 2001). HATs demonstrate a degree 

of histone lysine specificity, for example Gcn5 and PCAF demonstrate selectivity for H3 

over H4 while P300 and CBP broadly acetylate all four histone isoforms (Roth et al., 2001). 

Downstream, acetyl-CoA is produced by two enzymes, acetate-dependent acetyl-CoA 

synthetase 2 (ACSS2) and citrate-dependent ATP-citrate lyase (ACL); a recent report has 

demonstrated that ACSS2 is highly expressed in the hippocampus, binds chromatin, and is 

involved in hippocampal memory consolidation (Mews et al., 2017). HATs binding to DNA 

and chromatin can also be used as markers of active transcription and for the identification 

of unique regulatory mechanisms, for example, P300 associates with active super enhancer 

regions that drive cellular senescence (Sen et al., 2019). HATs are known to be involved in 

synaptic plasticity and behaviors, for example P300 is required for generating and 

maintaining long term memories (Chatterjee et al., 2013; Oliveira et al., 2011).

2.2.2.2 Histone Lysine Methyltransferases (KMTs):  Histone lysine methylation, in 

contrast to histone acetylation, has a more diverse regulatory role on the control of 

transcription. Histone lysine methylation can be mono-, di-, or tri-methylated, and the 

number of different methyl groups present can produce either an activating or repressive 

effect on gene transcription. Methylation occurs on at H1B (K26), H3 (K4, K9, K23, K27, 

K36, K45, K63, and K79), and H4 (K12 and K59) and is catalyzed by proper orientation of 

the lysine within a binding pocket and requires S-Adenosyl methionine as a co-factor 

(Dillon et al., 2005). In the human genome, homology predictions suggest that there are over 

100 lysine methyltransferases, although not all of these proteins have been shown to 

methylate histones (Dillon et al., 2005; Husmann and Gozani, 2019). These proteins are 

identified by their possession of either a SET domain or a seven-beta-strand domain (Dillon 

et al., 2005; Husmann and Gozani, 2019). In contrast to HATs, KMTs tend to be highly 

selective and only methylate a specific lysine residue (for example, EZH2 trimethylates 

H3K27). Although there is redundancy by different KMTs that methylate the same residue 

(Dillon et al., 2005; Husmann and Gozani, 2019), as is the case for H3K36me2, where 

NSD1–3 and ASH1L both participate to catalyze H3K36me2 from H3K36me1. The more 

commonly studied class, SET domain containing, can be broken down into approximately 7 

families: SUV39, SET1, SET2, RIZ, SYMD, EZ, SUV-4–20, and orphans (e.g. SET7/9 and 

SET8) (Dillon et al., 2005). The SET domain consists of 130 amino acids, and variations 

within this region confer lysine specificity (Dillon et al., 2005). Certain members of the SET 

family are involved in repressive transcription, such as G9A, which synthesizes H3K9me1 

and H3K9me2, or EZH2, which catalyzes H3K27me3. G9A has been shown to be involved 

in cognition and adaptive behavior (Schaefer et al., 2009), cocaine addiction (Maze et al., 

2010), and chronic pain (Laumet et al., 2015).
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2.2.3 Erasers of Histone Post-translational Modifications:

2.2.3.1 Histone deacetylases (HDACs):  There are four classes of histone deacetylases, 

Class I HDACs (HDACs 1, 2, 3 and 8), are found almost exclusively in the nucleus, and are 

characterized by homology in their catalytic site. Class II HDACs (4, 5, 6, 7, 9 and 10) are 

found in both the nucleus and the cytoplasm and are characterized by homology in their C-

terminal catalytic and N-terminal regulatory domains. HDAC11 has similar homology in the 

catalytic region of both Class I and Class II HDACs but classified as class IV HDAC (Marks 

et al., 2003). Class III HDACs are the sirtuin family, which are conserved nicotinamide 

adenine dinucleotide-dependent deacetylases that play an important role in cellular 

senescence and aging (Satoh et al., 2017). The sirtuin family has 7 members that often are 

involved in gene repression, although they play an important role for deacetylating non-

histone proteins that are located in both the nucleus and the cytoplasm (Yamamoto et al., 

2007). The removal of acetylation from either histones or other molecular substrates requires 

a Zn2+ in the case of class I & III or the presence of NAD+ (Finnin et al., 1999; Yamamoto 

et al., 2007). HDACs inhibitors are among the few drugs that target epigenetic proteins that 

have been successfully translated into the clinic. Vorinostat (also known as suberoyl anilide 

hydroxamic acid, SAHA) is used to treat cutaneous T-cell lymphoma (Kavanaugh et al., 

2010). HDACs and HDAC inhibitors have been shown to be involved in learning, memory, 

and addiction (Guan et al., 2009; Krishnan et al., 2014; Kumar et al., 2005).

2.2.3.2 Lysine demethylases (KDMs):  Histone lysine demethylases are divided into two 

families, the flavin adenine dinucleotide dependent amine oxidase (e.g. LSD1) (Shi et al., 

2004) and FE(II) and a α-ketoglutarate-dependent hydroxylase (also known as JmjC or 

JHDM family) (Tsukada et al., 2006). There are 27 different JmjC members, 15 of which 

have been shown to have histone demethylase activity (Tsukada et al., 2006). Similar to 

KMTs, KDMs have significant specificity for lysine they demethylate (Hyun et al., 2017). 

LSD1 and the JARID1 family demethylate H3K4me1 and H3K4me2 (Christensen et al., 

2007; Shi et al., 2004). JARID1C mutations have been shown to cause X-linked mental 

retardation, implying an important role for controlling normal brain development (Jensen et 

al., 2005). PHF8 recognizes H3K4me3 via its PHD domain and removes H3K9me1 and 

H3K9me2 (Loenarz et al., 2010). Interestingly, H3K4me3 (a mark of active transcription) 

and H3K9me2 (a repressive mark) are seen to be mutually exclusive (Barski et al., 2007; 

Wang et al., 2008). KDM3 and KDM4 also demethylate H3K9 (Hyun et al., 2017). 

KDM6A-C is involved in demethylating H3K27, which largely functions to unsilence 

chromatin, particularly in critical periods of development (Agger et al., 2007; De Santa et 

al., 2007). JHDM1 and JHDM3 are responsible for demethylating H3K36me (Hyun et al., 

2017). In addition to the KDMs mentioned above, other KDMs are still being discovered 

and classified. A role for KDMs in regulating behavior and synaptic plasticity has been 

described (Wang et al., 2015).

3. Histone Acetylation Mechanisms in Alcohol Use and Dependence

Many years of research have established that histone acetylation is important in regulating 

the effects of alcohol exposure on gene expression (Tables 1–4).
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3.1 Acute Ethanol Exposure:

An early study examining the role of epigenetic marks after alcohol exposure demonstrated 

that acute ethanol increased H3 and H4 acetylation, increased CREB (cAMP-responsive 

element binding) and CBP in the central nucleus of the amygdala (CeA), and decreased 

HDAC activity in the amygdala which was associated with the anxiolytic effects of ethanol 

(Pandey et al., 2008a). These effects were associated with increases of neuropeptide Y 

(NPY) which has long been known to be involved in anxiety and alcohol use disorders 

(Pandey, 2003; Zhang et al., 2010). In the cerebral cortex, acute ethanol injection in adult 

C57BL/6J mice decreases expression of Hdac2 and Hdac11 and decreases H3K9/14ac 

associated with Hdac2 but not Hdac11 promoters but does not lead to global changes in 

H3K9/14ac (Finegersh and Homanics, 2014). Similar decreases in Hdac2 were not observed 

in the hippocampus, suggesting brain region specific regulation of HDAC expression by 

acute ethanol (Finegersh and Homanics, 2014). Another group evaluated self-administered 

binge ethanol consumption and found that Hdac2 was upregulated after a single binge 

session in the amygdala, suggesting that the method of ethanol exposure is important in 

determining regulation of HDACs by ethanol (López-Moreno et al., 2015). In humans, an 

acute dose of ethanol broadly increases all 11 HDACs except HDAC9 and HDAC10 in the 

blood (López-Moreno et al., 2015), suggesting tissue and species specific regulation of 

HDACs by ethanol. Until recently, decreased HDAC expression was believed to be the 

primary mechanism driving increased histone acetylation in response to acute ethanol, but a 

recent study has demonstrated that acute ethanol can also act through a metabolic pathway 

in which ethanol is broken down through a three step pathway resulting in increased acetate 

that is then available to be catalytically added to histones by chromatin-bound acetyl-CoA 

synthetase (ACSS2). This has relevance to the development of AUD, as a knockdown of 

ACSS2 prevents ethanol conditioned place preference in mice (Mews et al., 2019). Acute 

ethanol clearly causes changes in histone acetylation, and these changes are likely to occur 

through a complex interplay of HATs and HDACs.

3.2 Development of Tolerance to Effects of Ethanol:

Tolerance to the subjective effects of ethanol have been shown to be involved in the 

development of AUD (Schuckit, 1996). Ethanol tolerance can occur after either a single, 

continuous, and/or repeated exposure and is usually described as a loss of sensitivity to the 

hypnotic (such as the commonly used loss of right reflex assay) or behavioral effects of 

ethanol (Berger et al., 2004). Multiple different studies have demonstrated that there is a 

strong genetic component that occurs in rats (Kurtz et al., 1996), mice (Crabbe et al., 2012), 

and humans (Heath et al., 1999). Using a rapid tolerance model, it was found that a second 

acute dose of ethanol 24 hours after first dose of ethanol prevents anxiolytic effects, 

decreases in HDAC activity, and increases in H3K9, H4K8 acetylation and NPY expression 

in the CeA and MeA (Sakharkar et al., 2012), suggesting a strong epigenetic component to 

the development of rapid tolerance as well. Treatment with TSA can reverse the rapid 

tolerance phenotype, suggesting that HDACs are important from the initial stages of alcohol 

addiction where alcohol is rewarding to the progression to alcohol dependence where 

alcohol acts to relieve the negative affect induced by continued cycles of alcohol withdrawal 

(Koob and Volkow, 2016; Pandey et al., 2017). Interestingly, while using a model of ethanol 

behavioral induction sensitization in support of incentive salience sensitization theory, 
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repeated exposure to ethanol in DBA/2J mice demonstrates that acute ethanol challenge after 

10 days of ethanol exposure decreases HDAC2 activity in the nucleus of the striatum but 

increases it in to the cytosol; conversely, in the PFC, HDAC activity is increased in the 

nucleus but decreased in the cytosol of sensitized mice (Botia et al., 2012). The striatum is 

heavily involved in the rewarding properties of ethanol, whereas the PFC is involved in 

executive decisions about the rewards of ethanol (Koob and Volkow, 2016), suggesting that 

epigenetic reprogramming in these areas through a histone acetylation mechanism can be 

used to help delineate different responders to ethanol reward. Other studies in drosophila 

have suggested that CBP is involved in the development of tolerance, as mutating nejire, a 

CBP homolog, blocks increased histone acetylation at alcohol responsive genes, resulting in 

lack of induction of at these alcohol tolerance genes and prevention of alcohol tolerance 

(Ghezzi et al., 2017).

3.3 Chronic Ethanol Exposure:

Chronic ethanol and withdrawal, in general, decreases histone acetylation. One of the 

earliest studies on epigenetics and chronic ethanol exposure and withdrawal observed an 

increased anxiety-like phenotype, that corresponded with decreased H3K9 and H4K8 

acetylation, decreased CBP expression, and decreased NPY expression (Pandey et al., 

2008a). The use of the broad spectrum histone deacetylase inhibitor Trichostatin A (TSA) 

prevented changes in both increased anxiety-like behavior induced by withdrawal and 

decreases in H3K9 and H4K8 acetylation and NPY, BDNF and Arc expression (Pandey et 

al., 2008a; You et al., 2014). Interestingly, TSA treatment was able to normalize deficits in 

dendritic spines in the CeA and MeA during ethanol withdrawal after chronic exposure in 

rats (You et al., 2014). Similar increases in HDAC2 and decreases in H3K9ac were found in 

the hippocampus and could be reversed using SAHA. This drug treatment was able to 

attenuate depression-like behaviors related to ethanol withdrawal (Chen, Zhang et al., 2019).

Other models of chronic alcohol dependence have also observed changes in histone 

acetylation and HDACs. For example, a recent study by Bohnsack et al screened all 11 

HDACs and discovered that both HDAC2 and HDAC3 were upregulated in the cortex, and 

this corresponded with decreases in H3Kac, H3K9ac and H3K14ac (Bohnsack et al., 2018). 

Similar to other studies, inhibition with TSA prevented anxiety-like behavior and alcohol 

consumption (Bohnsack et al., 2018). Hdac3 was also upregulated by alcohol withdrawal via 

vapor in a mice in a different study (Hashimoto et al., 2017). Chronic ethanol has long been 

known to cause decreases in GABAAR receptor function that are associated with severe 

withdrawal symptoms, including seizures. Most acute withdrawal symptoms are treated by 

the use of benzodiazepines in the clinic (Kumar et al., 2009). Interestingly, several studies 

have demonstrated that the use of TSA or SAHA can prevent changes in GABAAR 

hypofunction by increasing the most prevalent GABAAR subunit, GABAAR α1 (Arora et 

al., 2013; Bohnsack et al., 2018; Hughes et al., 2019; You et al., 2018).

Other studies using a strain of rat with high alcohol consumption (P rats) found that P rats 

have increased HDAC2 but not HDAC1, 3, 4, 5, and HDAC6 in the CeA and medial nucleus 

of the amygdala (MeA) and this corresponded with decreased H3K9ac in both amygdala 

subregions (Moonat et al., 2013). ChIP assays revealed decreases in H3K9/14 acetylation 
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associated with the Arc and Bdnf-IV promoter (Moonat et al., 2013) that correlated with 

decreased Arc and BDNF protein levels and changes in spine density (Moonat et al., 2011). 

Interestingly, these deficits could be reversed by acute injection of ethanol (Moonat et al., 

2011), by the infusion of HDAC2 siRNA directly into the CeA (Moonat et al., 2013), or by 

the use of TSA (Sakharkar et al., 2014). Arc, activity-regulated cytoskeleton-associated 

protein, is known to be a regulator of synaptic plasticity (Shepherd and Bear, 2011) and is 

involved in alcohol dependence (Pandey et al., 2008b; You et al., 2014). Another study 

evaluating alcohol self-administration in mice using a drinking in the dark two bottle choice 

paradigm found that TSA, SAHA, and another HDAC inhibitor that targets type I HDACs, 

MS275, prevents alcohol intake with no effect on saccharin consumption (Warnault et al., 

2013). A study using rats in an operant paradigm (fixed ratio 3) found that administration of 

SAHA prevented alcohol seeking but not sucrose seeking (Warnault et al., 2013). In both 

mouse and rat NAc, H4 acetylation was decreased after alcohol consumption (Warnault et 

al., 2013).

Conversely, HATs have been shown to be downregulated in the amygdala during withdrawal 

after chronic ethanol exposure (Pandey et al., 2008a). One important HAT activity that is 

regulated by chronic ethanol consumption is the CREB pathway, which involves the HATs 

P300 and CBP. Phosphorylation of CREB is required for the recruitment of CBP (Chrivia et 

al., 1993) and CBP’s role in learning and memory is due to its HAT activity (Korzus et al., 

2004). Ethanol withdrawal after chronic ethanol exposure causes a decrease in CREB 

phosphorylation and CBP levels in the CeA and MeA (Pandey, 2003; Pandey et al., 2008a, 

2003). Inhibition of CREB in the CeA induces anxiety-like behavior and causes escalated 

drinking in NP rats, whereas activation of CREB in the CeA prevents anxiety-like and 

alcohol drinking behaviors in P rats (Pandey,Zhang, Roy,& Xu 2005). Further, 

haplodeficient CREB mice (+/−) have decreased NPY and BDNF expression and also 

consume more alcohol but not sucrose (Pandey,Roy, Zhang,& Xu, 2004). Another study in 

alcohol dependent rats using a vapor paradigm found decreased P300 and Myst3 in the 

dmPFC (Barbier et al., 2017), while a mouse study also using vapor found decreased Hat1 
and Atf1 (Hashimoto et al., 2017). Taken together, these studies suggest that HAT 

expression and activity is modulated by ethanol exposure and plays an important role in 

alcohol related behaviors. Chronic studies from multiple laboratories and in multiple brain 

regions suggest that HDACs are elevated after chronic ethanol exposure and that this drive 

decreased histone acetylation and gene expression that regulate neuroplasticity or 

neurotransmission. Further treatment with HDAC inhibitors has been shown to prevent 

drinking and anxiety-like behavior, suggesting these treatments may be useful in the 

treatment of AUD (Pandey et al., 2017).

3.4 Adolescent Alcohol Exposure:

Adolescent alcohol exposure causes long lasting effects that persist until adulthood, and 

these changes have been shown to regulated by histone acetylation mechanisms 

(Kyzar,Floreani,Teppen, &Pandey, 2016). Exposure to ethanol during adolescence increases 

the risk 5–7 times of developing an alcohol use disorder later in life (Viner and Taylor, 2007) 

and also increases the risk of comorbid anxiety and stress disorders (Keyes et al., 2012; 

Wells et al., 2004). One study examined the role of HDACs after adolescent alcohol 
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exposure and withdrawal during adolescence and found increases in HDAC activity in the 

amygdala which corresponded to an increase of HDAC2 and HDAC4 (Pandey et al., 2015). 

There was also a subsequent decrease in H3K9ac in the CeA and MeA and an anxiogenic 

phenotype similar to what is seen in adult rats (Pandey et al., 2015). This anxiogenic 

phenotype persists until adulthood even without further ethanol exposure and may be driven 

by an increase in HDAC2 and decreased H3K9ac (Pandey et al., 2015). Similar to what has 

been observed in previous studies using chronic ethanol in adult animals, both Arc and 

BDNF are also decreased in adulthood after adolescent alcohol exposure (Moonat et al., 

2013, 2011; Pandey et al., 2015, 2008b). Similar increases in HDAC2 and decreases 

H3K9ac were also observed in the hippocampus (Sakharkar et al., 2016). This phenotype 

can be prevented by the administration of TSA reverting both the anxiogenic phenotype and 

an escalated drinking phenotype (Pandey et al., 2015) and preventing decreased 

neurogenesis in the hippocampus (Sakharkar et al., 2016). Other studies have used non-

epigenetic targeting drugs, such as the cholinesterase inhibitor, to prevent increases in 

H3K27ac at the promoter of the Fmr1 gene in the hippocampus after adolescent alcohol 

exposure (Mulholland et al., 2018). When evaluating the role HATs after AIE, it was found 

that both Cbp, P300 and Creb1 were all downregulated in the CeA and MeA after adolescent 

alcohol exposure in adulthood (Zhang et al., 2018) and probably contributed to decreased 

H3K9ac observed in other studies (Pandey et al., 2015). Interestingly, deficits in the 

expression of Cbp, P300, and Creb1 appear to be regulated by decreases in histone 

acetylation at the promoters of these genes in the adult amygdala after adolescent ethanol 

exposure (Zhang et al.,2018). Taken together, this suggests that both withdrawal from 

repeated ethanol exposure in adolescence leads to an upregulation of HDACs, leading to 

decreased histone acetylation and compensatory HAT and synaptic plasticity gene 

expression, and that many of these effects persist until adulthood, where they drive alcohol 

dependent related behaviors such as anxiety and alcohol consumption. Similar to findings in 

tolerance and chronic ethanol adult animal models, the use of histone deacetylase inhibitors 

can reverse many of these phenotypes in adulthood after adolescent alcohol, which may 

imply their use in early-onset alcohol use disorders in humans.

3.5 Fetal Alcohol Exposure:

Fetal Alcohol Spectrum Disorder (FASD) disrupts normal fetal development, and several 

studies in rodents have shown that this can be mediated through epigenetic mechanisms 

(Haycock, 2009). Exposure to ethanol from gestational day 7–21 via liquid ethanol diet 

caused a decrease in H3K9ac in the arcuate area of the hypothalamus, a decrease of Cbp 
mRNA, and an increase in Hdac2 mRNA in the offspring of Sprague Dawley rats (Govorko 

et al., 2012). Another study using a model that mimics human third trimester fetal 

development in rats [postnatal day (PND) 2–12] found that exposure to ethanol vapor for 

4hrs a day leads to a decrease in CBP protein and H3K9/14ac, H3K23ac, and H4 acetylation 

from PND 2 to 10 in the cerebellum of Long-Evans rats (W. Guo et al., 2011). In contrast, 

other studies using C57BL/6J mice found that injections at pnd7 increased H4K8ac at 

cannabinoid receptor type 1 (Cb1) gene in the neocortex and hippocampus, and that Cb1 
activity was increased after ethanol exposure (Subbanna et al., 2015). Knockout of Cb1 
prevented ethanol-induced decreases in spontaneous alternation performance deficits in adult 

mice and social deficits in mice (Subbanna et al., 2015). Another study evaluating growth 
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factor genes at gd17 after ethanol injection at gd7 found that H3K9ac was increased at 

Ascl1, Dlx1, Dlx2, HoxA6, HoxA7, Msx2, Vdr, and decreased at Smarca2 (Veazey et al., 

2015). A human study that evaluated multiple different histone acetylation marks over 

different developmental time points found changes in various acetylation marks at these 

different time points, which could be informative to the understanding of temporal 

regulation of histone acetylation in fetal alcohol spectrum disorder (Jarmasz et al., 2019). 

Taken together these studies indicate that histone acetylation may play a role in fetal alcohol 

exposure, but changes depend on brain region, ethanol exposure paradigm, gene evaluated, 

and age of offspring evaluated.

In summary, histone acetylation mechanisms clearly play a role in effects produced by acute, 

developmental, and chronic alcohol exposure. Currently, the role of histone acetylation 

readers, such as the BET family, is understudied in alcohol use disorders. Future studies 

should attempt to determine if changes also occur in this class of proteins as well. Additional 

research is needed to determine if these also play a critical role in regulating relapse. Further, 

there is a wide body of research that demonstrates the role of histone acetylation in many 

different brain regions, suggesting that interactions between alcohol and other psychiatric or 

neurological disorders may also be involved. This has been well described for anxiety-like 

behavior in animals. Finally, additional human studies are needed to validate findings from 

rodent models and establish a causal role for histone acetylation marks of single or multiple 

genes in given brain circuitry in driving the pathophysiology of AUD (Figure 3).

4. Histone Methylation Mechanisms in Alcohol Abuse and Dependence

Studies in histone methylation in the context of alcohol abuse and dependence have begun to 

catch up to histone acetylation, leading to a clearer picture of how different histone PTMs 

interact to drive gene expression. Unlike histone acetylation, histone methylation can be 

both repressive (e.g. H3K27me3) or activating (e.g. H3K4me3), and the readers, writers, and 

erasers tend to have more specificity to a certain residue or methylation state. Further, 

histone methylation readers and writers show a strong degree of selectivity, which may make 

them a more appropriate target for treatment of AUD (Tables 5–7).

4.1 Human AUD Studies:

One study found that MLL, MLL4, and SETD1A, which are all methyltransferases, were 

upregulated in CeA, basolateral amygdala (BLA), and superior frontal cortex in postmortem 

individuals with AUD. In all three brain regions there was also a significant increase in 

H3K4me3 but not H3K4me2 nor H3K4me1 (Ponomarev et al., 2012). A second study, using 

ChIP-seq, found differential changes in H3K4me3 at 729 gene promoters in the postmortem 

hippocampus of individuals with AUD. Interestingly, 250 differences in H3K4me3 

associated with gene promoters were also associated with cocaine addiction, suggesting a 

shared pathway between different drugs of abuse (Zhou et al., 2011). Other studies in an 

early onset AUD human cohort have indicated that there are significant increases in 

H3K27me3 in the amygdala at the BDNF and ARC loci, through recruitment of EZH2 to 

gene regulatory elements, which correspond to decreased Arc and BDNF expression 

(Bohnsack et al., 2019). Interestingly, EZH2 appears to be recruited by BDNF-AS, a long 
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non-coding RNA (Bohnsack et al., 2019). Consistent with dysregulated H3K27me3, another 

study found increased KDM6B in the anterior cingulate cortex of individuals with AUD 

(Johnstone et al., 2019). There is growing evidence that histone methylation and 

corresponding enzymes play a critical role in AUD in humans.

4.2 Acute Ethanol Exposure:

Acute ethanol decreases G9A and H3K9me2 expression in both the CeA and MeA but not in 

the BLA and is correlated with anxiolytic effects in rats. Second acute ethanol challenge 

after 24 hrs of first exposure increases G9A and H3K9me2 back to baseline levels. G9A and 

H3K9me2 occupancy in the gene body of Npy decreases by acute ethanol, and this is again 

rescued by second acute ethanol challenge after 24 hrs of first exposure. These changes are 

associated with development of rapid ethanol tolerance (RET) to anxiolytic effects of 

ethanol. Treatment with G9A specific inhibitor, UNC0642 prevents the development of RET 

by inhibiting G9A, increasing H3K9me2, and NPY expression in the CeA and MeA but not 

in BLA (Berkel et al., 2019). This suggests that acute ethanol leads to an open chromatin 

structure that is reversed by a subsequent acute ethanol dose the next day, similar to what 

was observed in earlier studies that evaluated histone acetylation (Sakharkar et al., 2012). 

These epigenetic modifications in the amygdala induced by acute ethanol appear to play an 

important role in the development of rapid tolerance to anxiolytic effects of ethanol.

4.3 Chronic Ethanol Exposure:

Chronic alcohol has been shown to change histone methylation in several models of alcohol 

dependence. In one model using chronic intermittent vapor, it was found that in the dmPFC 

alcohol causes a decrease in Prdm2 and decreased global H3K9me1 (Barbier et al., 2017). 

PRDM2, while broadly expressed, is most highly expressed in the prefrontal cortex, 

suggesting that it may regulate ethanol’s changes in a tissue specific manner (Barbier et al., 

2017). Using ChIP-seq, it was identified that the majority of the decreased H3K9me1 was 

located in gene bodies where it was proposed to be involved in elongation (Barbier et al., 

2017). The same study also evaluated PRDM2 knockdown and found an increase in alcohol 

self-administration and compulsive drinking in a quinine adulteration assay but no changes 

in sucrose consumption, measures of locomotion, or pain threshold (Barbier et al., 2017). 

Using the same ethanol vapor exposure paradigm, another study found that Kdm6b mRNA 

was decreased in both the nucleus accumbens (NAc) and in the dmPFC (Johnstone et al., 

2019). KDM6B removes repressive H3K27me3 and is involved in preventing polycomb-

repressive gene silencing (De Santa et al., 2007). When the authors evaluated protein levels 

of KDM6B and H3K27me3 in the NAc of dependent rats, they found increased KDM6B and 

decreased H3K27me3 (Johnstone et al., 2019). ChIP-seq analysis of H3K27me3 revealed 

that the majority of pathways with decreased H3K27me3 were involved in immune 

signaling, specifically the IL-6 pathway (Johnstone et al., 2019), suggesting that increased 

KDM6B upregulates these immune pathways and that this contributes to the dependence 

phenotype. In support of this hypothesis, there is a large body of work that suggests that 

immune signaling within the brain helps drive many different facets of AUD (Coleman and 

Crews, 2018). A final study, again using ethanol vapor in an inbred mouse line, found that 

ethanol exposure and withdrawal downregulated Smyd3, Setdb1, Setdb3, Ezh2, and Suz12, 

while Setd7 and Dot1l were upregulated in the PFC (Hashimoto et al., 2017). It has become 
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increasingly clear from these studies which employ RNA-seq and qPCR arrays that many 

different histone methylation genes are dysregulated after chronic ethanol exposure and 

withdrawal.

4.4 Adolescent Alcohol Exposure:

Adolescent alcohol exposure causes long-lasting changes in histone methylation, and these 

changes persist until adulthood. One mark, H3K27me3, appears to be particularly important 

in regulating developmental processes in the brain (Gallegos et al., 2018; Mohn et al., 2008). 

In adult rats, knockdown of KDM6B in the CeA recapitulates the anxiety-like phenotype 

and molecular changes, such as decreased Arc expression and increased H3K27me3 at the 

Arc SARE site, that are induced by adolescent alcohol exposure in adulthood (Kyzar et al., 

2019b). Increased H3K27me3 is conserved in humans, and it has been shown that the PRC2 

complex, specifically EZH2, is involved in repressing the Arc SARE site (Bohnsack et al., 

2019). Of particular note, changes in H3K27ac and increases in H3K27me3 at the Arc 
SARE decreases enhancer RNAs that are transcribed from regions flanking the Arc SARE 

site, preventing the release of negative elongation factor from the Arc promoter and 

inhibiting Arc expression in adult amygdala after adolescent alcohol exposure (Kyzar et al., 

2019b).

Adolescent alcohol exposure also increases global H3K9me2, another repressive histone 

methylation mark in the CeA and MeA in adulthood (Kyzar et al., 2017). This process likely 

occurs due to downregulation of the neuron-specific variant of LSD1 + 8a, another lysine 

demethylase (Kyzar et al., 2017). Decreased LSD1+8a can be rescued by the acute injection 

of ethanol in adulthood, which also restores deficits in Bdnf-IV expression and prevents 

increased H3K9me2 associated with the Bdnf-IV promoter (Kyzar et al., 2017). Decreased 

Bdnf-IV expression has previously been suggested to be involved in the increased anxiety-

like phenotype and drinking phenotype that occurs in adult rats after adolescent alcohol 

exposure (Pandey et al., 2015). LSD1+8A is a target of the microRNA-137 (miR-137) and 

adolescent alcohol exposure increases miR-137 expression (Kyzar et al., 2019a). Inhibition 

of miR-137 in the CeA of adult animals that have been exposed to ethanol during 

adolescence prevents decreases in LSD1, LSD1+8A, and Bdnf-IV expression, and prevents 

increased H3K9me2 at the Bdnf-IV promoter as well as attenuates anxiety-like and alcohol 

drinking behaviors (Kyzar et al., 2019a). Reversing changes induced by adolescent alcohol 

exposure on H3K9me2 can be performed using non-therapeutic options, as one study found 

that exercise in late adolescence (pnd 56 to 95) after alcohol exposure (pnd 25 to 55) 

prevents increases of H3K9me2 at the ChAT promoter and restores ChAT expression in the 

basal forebrain (Vetreno et al., 2019). Exercise also prevented reversal learning deficits in 

the Morris water maze (Vetreno et al., 2019).

H3K36me3 is a mark that is commonly found in gene bodies, where it acts to repress gene 

expression in order maintain stable gene expression as organisms age (Pu et al., 2015). 

DBA2/J mice who underwent a gavage binge model in adolescence developed last memory 

deficits in object recognition tests and had a greater sensitivity to ethanol in adulthood 

(Wolstenholme et al., 2017). Male but not female mice, had decreased H3K36me3 but no 
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changes in H3K9 methylation and had 1912 transcripts that were differently expressed due 

to ethanol in the PFC (Wolstenholme et al., 2017).

Adolescent alcohol exposure appears to drive a compacted chromatin structure that is 

associated with decreases in synaptic plasticity genes, such as Arc and immune signaling 

genes. In some cases, these changes appear to be conserved between rats and humans, 

underlying the utility of using rodent models to discover epigenetic mechanisms of early-

onset alcohol use disorder.

4.5 Fetal Alcohol Exposure:

Histone methylation, like histone acetylation has also been evaluated in the context of fetal 

alcohol exposure. One study using ethanol liquid diet in Sprague Dawley rats from gd7 to 

gd21 found a decrease in H3K4me2 and H3K4me3 in the arcuate area of the hypothalamus 

(Govorko et al., 2012) in adult offspring which corresponded with an decreased Set7 mRNA 

expression. Conversely, there was an increase in repressive H3K9me2 which also 

corresponded with an increase in both G9a and Setdb1 mRNA expression (Govorko et al., 

2012). Changes in in H3K4me2, H3K4me3, and H3K9me2 can be normalized by co-

administering choline (Bekdash et al., 2013). Another study using C57Bl/6J mice found that 

pnd7 ethanol injections (2.5 g/kg) increased H3K9me2 and H3K27me3 in the hippocampus 

and neocortex 4–24hr after the first injection of ethanol (Subbanna et al., 2013). Consistent 

with these increases was an upregulation of G9A protein and activity in both these brain 

regions (Subbanna et al., 2013). Treatment with the G9A inhibitor, Bix 01294 prevented the 

upregulation of Tau and CC3 protein by ethanol exposure in both the neocortex and 

hippocampus (Subbanna et al., 2013), suggesting that pharmacological inhibition of ethanol-

induced G9A activation could prevent neurodegenerative effects of developmental ethanol 

exposure. A follow up study indicated that the effects observed at the higher dose also occur 

at low doses (1g/kg) (Subbanna et al., 2014). Interestingly, while there are global increases 

of H3K9me2 in both the hippocampus and neocortex, there is decreased H3K9me2 

associated with the Cb1 promoter which corresponds to increased Cb1 activity in both brain 

regions (Subbanna et al., 2015).

Another study evaluating 22 promoters of growth factor signaling genes after gd7 injections 

in C57BL/6J mice found decreases in repressive H3K27me3 but increases in repressive 

H3K9me2 and only modest changes in H3K4me3 in GD17 mice (Veazey et al., 2015). 

Importantly, these effects were more profound in mice that exhibited craniofacial 

dysmorphology and mid line brain defects (Veazey et al., 2015), which are commonly 

associated with fetal alcohol spectrum disorder congenital malformations.

Changes in histone methylation appear to involve an increase in repressive histone 

methylation that occurs in numerous different brain regions and exposure paradigms in 

rodent models of FASD.

In summary, changes in histone methylation are often associated with long-term changes in 

repressive gene transcription. H3K27me3 is associated with dosage compensation (the 

silencing of one of two maternal X chromosomes), which probably is one of the most well 

characterized examples of long-term gene silencing (Heard, 2006). Various studies from the 

Bohnsack and Pandey Page 17

Int Rev Neurobiol. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



alcohol field demonstrate that H3K9me2 and H3K27me3 are involved in developmental 

processes that are disrupted by alcohol exposure during gestation, early development, or 

adolescence. Alternatively, chronic alcohol consumption appears to increase repressive 

histone methylation marks, suggesting again that timing of alcohol exposure plays an 

important role in regulating the epigenetic response to ethanol. Future directions should 

focus on whether there is a role for histone methylation readers, as this is a large untapped 

area that could help further understanding of epigenetic regulation that occurs after alcohol 

exposure. (Figure 4).

5. DNA Methylation and Gene Expression

DNA methylation is another well-studied epigenetic modification that occurs most 

commonly at cytosine residues (Greenberg and Bourc’his, 2019). Adenine residues can also 

be methylated, and this was recently found to occur in both prokaryotes and mammals (Wu 

et al., 2016). Methylation of cytosine residues occurs on the 5th carbon (5mC) and is mostly 

found in CpG dinucleotides (Greenberg and Bourc’his, 2019), and in some tissues, 70–80% 

of all CpGs are methylated (Li and Zhang, 2014). In the brain, approximately ~6–8% of 

CpG islands are methylated (Illingworth et al., 2008). Additionally, DNA methylation 

appears to mostly be symmetrical so that both complementary CpGs are methylated 

(Greenberg and Bourc’his, 2019). In contrast to histone modifications, which are rapidly 

reversible, DNA methylation is generally regarded as a stable epigenetic mark (Reik, 2007). 

The functional outcomes of DNA methylation include transcription repression either through 

inhibiting transcription factor binding (Iguchi-Ariga and Schaffner, 1989) or changes in 

chromatin structure (Lorincz et al., 2004), genomic imprinting (Li et al., 1993), X-

chromosome inactivation (Mohandas et al., 1981), allowing permissive gene transcription 

when found in gene bodies (Lister et al., 2009), and cell fate decisions (Cedar and Bergman, 

2012), which are important in embryogenesis (Smith et al., 2012) and brain development 

(Lister et al., 2013). Interestingly, during development, germline DNA methylation 

disappears and then is re-established in the developing embryo (Cedar and Bergman, 2012). 

DNA methylation has been shown to interact with the transcriptome, controlling both RNA 

splicing (Shukla et al., 2011) and eRNAs controlling neuronal DNA methylation (Savell et 

al., 2016). In the brain, DNA methylation has been shown to play important roles in 

regulating many brain functions including synaptic plasticity (Day and Sweatt, 2010; 

Martinowich, 2003), response to neural activity (Junjie U Guo et al., 2011), fear 

conditioning (Halder et al., 2016; Lubin et al., 2008), memory formation (Day and Sweatt, 

2010; Halder et al., 2016; Miller and Sweatt, 2007), reward learning (Day et al., 2013), 

neurogenesis (Ma et al., 2009), and addiction (Deng et al., 2010). It is clear from many years 

of research that DNA methylation contributes heavily to both cellular mechanisms and 

higher order behaviors. Importantly, owing to its inherent stability, DNA methylation 

signatures have been suggested as a biomarker for psychiatric and other diseases (Levenson, 

2010). Currently, there are three primary methods to measure DNA methylation on a 

genome-wide level, sodium bisulfite conversion followed by sequencing, differential 

enzymatic cleavage of DNA and immunoprecipitations or methyl capture using a methyl-

CpG binding domain (Laird, 2010). These technologies have been implemented on a single-

cell level to determine cell type specific changes in DNA methylation (Farlik et al., 2015).
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5.1 DNA Methylation Writers:

DNA methylation is catalyzed by a family of enzymes called DNA methyltransferases 

(DNMTs) which contains three members: DNMT1, which is involved in maintenance of 

DNA methylation by recognizing hemimethylated DNA and then methylating the 

complementary strand (Hermann et al., 2004), and DNMT3A and DNMT3B, which are 

involved in both de novo methylation and maintenance activities (Okano et al., 1999, 1998). 

DNMT3A and DNMT3B contain a conserved c-terminal DNMT domain (MTase) and two 

chromatin recognition domains (ADD and PWWP) (Greenberg and Bourc’his, 2019). 

Regulation of DNMT3A and DNMT3B gene repression occurs through interactions with 

H3K4me3, where increasing numbers of K4 methylation act to inhibit DNMT binding 

through the ADD domain (Ooi et al., 2007). H3K4me3 is commonly found in promoters of 

actively transcribed genes (Soares et al., 2017). In contrast, the PWWP domain recognizes 

H3K36me3 and acts to guide DNA methylation in gene bodies, which is believed to be 

permissive to gene transcription (Dhayalan et al., 2010; Lister et al., 2009). DNMT1 binds to 

the E3 ubiquitin-protein ligase UHRF1 which recognizes H3K9me2 and H3K9me3 through 

TUDOR and PHD domains (Greenberg and Bourc’his, 2019; Nady et al., 2011). A third 

isoform of DNMT3, DNMT3L, is a catalytically inactive variant which stimulates 

DNMT3A and DNMT3B activity by direct binding but doesn’t bind to DNA by itself 

(Greenberg and Bourc’his, 2019; Ooi et al., 2007; Suetake et al., 2004). Both DNMT3A and 

DNMT3B are required for normal development, as knockout of either gene results in defects 

culminating in death (Okano et al., 1998). Mutations in DNMTs are associated with a 

number of neurological disorders, including dementia (DNMT1) (Klein et al., 2011), 

overgrowth syndrome with intellectual disability (DNMT3A) (Childhood Overgrowth 

Consortium et al., 2014), and syndromes with chromosome instability, immunodeficiency 

and intellectual disability (DNMT3A) (Xu et al., 1999).

5.2 DNA Demethylation Erasers:

DNA demethylation occurs through oxidation by a family of proteins called ten-eleven 

translocation methylcytosine dioxygenases (TET) and is composed of TET1–3. All three 

TET proteins contain a catalytic C-terminal domain, while only TET1 and TET3 contain a 

CXXC domain which binds unmethylated CpG islands (Greenberg and Bourc’his, 2019). 

TET demethylation activities occur through oxidation of 5mC to 5-hydroxymethylcytosine 

(5-hmC) that is then further converted to 5-formylcytosine and 5-carboxylcytosine (Ito et al., 

2011; Tahiliani et al., 2009). Alternatively, oxidation products can be repaired by thymine-

DNA glycosylase, which requires double stranded breaks (He et al., 2011). 5-hmC is much 

more highly expressed in the brain, suggesting that there is continuous active DNA 

demethylation, unlike development demethylation which is controlled by temporal 

expression of DNMT and TET proteins (Globisch et al., 2010; Kriaucionis and Heintz, 

2009). 5-hmC likely contributes to gene activation, as opposed to gene repression, and is 

predominantly found in intragenic regions and enhancers (Junjie U. Guo et al., 2011; H. Wu 

et al., 2011).
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5.6 DNA Methylation Readers:

There are two classes of DNA methylation readers, the first are the methyl-CpG binding 

domain proteins (MDB) and the second are the unrelated methyl-CpG binding zinc-finger 

proteins (Kaiso) (Bogdanović and Veenstra, 2009). The MDB family contains MDB1–4 and 

MeCP2 and mostly are involved in transcription repression through interactions with HDAC 

complexes (e.g. Sin3A and CoREST) (Bogdanović and Veenstra, 2009). Most members of 

the MDB family preferentially bind methylated DNA with the exception of MDB3 (Saito 

and Ishikawa, 2002). MeCP2 mutations result in Rett Syndrome (Amir et al., 1999). In a 

mouse model of Rett Syndrome, it was observed that there was decreased Bdnf expression, 

and rescue of Bdnf using an overexpression transgene increased lifespan and locomotor 

deficits (Chang et al., 2006).

6. DNA Methylation Mechanisms in Alcohol Abuse and Dependence

DNA methylation is well recognized as being important in several different neuronal 

processes. In the past decade, DNA methylation has arisen as one of the most prominent 

epigenetic modifications disrupted by alcohol abuse and dependence.

6.1 DNA Methylation Studies in Preclinical Models of AUD

In an intermittent two-bottle choice paradigm, it was found that mice that consumed alcohol 

had increased DNMT1 in the NAc compared to mice who had only consumed H2O 

(Warnault et al., 2013). Pharmaceutical inhibition of DNMT with 5-azacytidine decreased 

alcohol intake with no effect on saccharin or water intake (Warnault et al., 2013). 

Conversely, in C57BL/6, a high drinking strain of mice, there is no difference in Dnmt1, 
Dnmt3a, or Dnmt3b compared to the DBA/2J mice, a low drinking strain (Gavin et al., 

2016). An evaluation of Growth arrest and DNA-damage-inducible beta transcripts 

(Gadd45b) in the nucleus accumbens of both C57 and DBA mice found that C57 mice 

intrinsically had lower levels of Gadd45b and higher levels of 5mC and 5hmC, and acute 

ethanol normalizes GADD45B protein (Gavin et al., 2016). GADD45B promotes DNA 

demethylation and is involved in developmental processes such as adult neurogenesis (Ma et 

al., 2009). GADD45B (+/−) mice consume more alcohol than wild type littermates (Gavin et 

al., 2016).

Adolescent alcohol exposure causes a decrease of Dnmt3b transcripts during acute ethanol 

intoxication with no effect on Dnmt1 nor Dnmt3a either 1hr after exposure or 24hrs in the 

amygdala after exposure during withdrawal (Sakharkar et al., 2019). Global DNMT activity 

is decreased 1hr after adolescent alcohol exposure but greatly increases 24hr into withdrawal 

(Sakharkar et al., 2019), suggesting a bimodal response to acute and withdrawal effects of 

ethanol (Sakharkar et al., 2019). Conversely, Gadd45a, Gadd45b and Gadd45g are all 

upregulated in the amygdala after 1 hr of ethanol exposure in adolescence (Sakharkar et al., 

2019). Adolescent alcohol exposure has no effect on Tet1 expression in the amygdala, 

suggesting that DNA methylation likely occurs through a base excision pathway, as opposed 

to a oxidation pathway (Greenberg and Bourc’his, 2019). Furthermore, adolescent ethanol 

exposure produces an increase in DNA methylation of Bdnf-IV and Npy gene promoters in 

the adult amygdala, which is normalized by treatment with 5-azacytidine treatment. These 
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changes are associated with attenuation of adolescent alcohol exposure induced anxiety-like 

and alcohol drinking behaviors in adulthood (Sakharkar et al., 2019).

Fetal alcohol exposure causes changes in DNA methylation. In a Sprague-Dawley rat model 

that consumed liquid ethanol diet from GD7–21, it was discovered in the F1 generation that 

the Pomc has decreased expression in both male and female rats in the arcuate nucleus of the 

hypothalamus that corresponded to an increase in methylation at the Pomc gene (Govorko et 

al., 2012). These changes appeared to be cell-type specific, as there was decreased 5-

hmethylcystosine in β-endorphin producing neurons in the arcuate area of the hypothalamus 

but an increase in corticotropin releasing hormone neurons, and this potentially could 

explain the observation that there was no change in global 5-methylcytosine (Govorko et al., 

2012). Treatment with the DNMT inhibitor, 5-azadeoxycytidine restored normal DNA 

methylation at the Pomc gene and normal Pomc expression (Govorko et al., 2012). Further, 

it was discovered that these changes are transmitted through the male germline (Govorko et 

al., 2012). Caution should be taken using 5-azacytidine and other DNA orthologues during 

development, as these can induce neurodegeneration and neurobehavioral deficits when 

given during development (Subbanna et al., 2016).

6.2 Human DNA Methylation Studies

DNA methylation studies in alcoholic postmortem human brain have been done in a variety 

of different brain regions. In one study using 10 control and 10 AUD postmortem human 

cortex subjects, it was identified that 14,004 genes shared equal methylation status, while 

3,806 genes differed in methylation status compared to controls (Manzardo et al., 2012). 

One of the largest differences in methylation between AUD subjects and controls was 

HIST2H2AC, indicating that there may be differences in histone isoforms and that this may 

contribute to changes in epigenetic regulation (Manzardo et al., 2012). A caveat to this study 

is that the sample size is extremely small and only promoters were analyzed. Another study 

evaluating human postmortem amygdala in 16 male AUD and 16 male controls found that 

there were 1812 CpGs in 1099 genes that had different methylation status. Further analysis 

found that 106 of the 1812 CpGs were mapped to 93 genes that had differential gene 

expression, including AUD associated genes such as (GABRA1, GRIK3, and GRIN2C) 

(Wang et al., 2016). Interestingly, there was no difference in CpG methylation in 7 female 

AUD subjects compared to 7 female controls (Wang et al., 2016). This study also further 

found that in male AUD subjects approximately 34.7% of hypermethylated CpGs were 

located in the promoter, 41.9% were located in gene bodies, 6.8% in 3’ UTR and 16.6% 

located in other regions (Wang et al., 2016), consistent with the idea that regulation of gene 

expression by alcohol through a DNA mechanism is not limited to just promoter regions. A 

larger study evaluating genome-wide methylation in AUD subjects in the PFC used 25 

paired control and AUD subjects and found 5254 differentially methylated CpGs (Gatta et 

al., 2019). Using Ingenuity Pathway Analysis, the authors determined that nuclear receptor 

subfamily 3 group C member 1 (NR3C1) was a central hub gene (Gatta et al., 2019). NR3C1 

is a member of the glucocorticoid family, which regulate glucocorticoid-response genes and 

are important in both stress and AUD (Heilig and Koob, 2007). Analysis of DNMT 

expression found decreases in DNMT1 and DNMT3A, decreases in TET1–3 and increases 

in GADD45B, suggesting that DNA methylation is highly dysregulated in the PFC due to 
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AUD (Gatta et al., 2019). Another study found differentially methylated locations in the long 

non-coding RNA growth arrest specific 5 (GAS5) gene in blood, increased gene expression 

of GAS5 in human postmortem amygdala, and that this gene was highly associated with 

morning cortisol and stress responsiveness (Lohoff et al., 2020). GAS5 is involved in 

regulating glucocorticoid signaling, and this agrees with other data suggesting that 

glucocorticoid signaling is disrupted in alcohol use disorder (Gatta et al., 2019; Lohoff et al., 

2020).

In the cerebellum of AUD patients, there was also decreased TET1 expression with no 

effects on DNMT1, DNMT3A or DNMT3B (Gatta et al., 2017). In the cerebellum, there 

was also a decrease of GABRD expression which was associated with increased DNA 

methylation, suggesting that DNA methylation may regulate GABAA receptor expression 

(Gatta et al., 2017).

6.3 DNA Methylation as a Biomarker of AUD

Owing to the stability of DNA methylation, it has been suggested that DNA methylation be 

used as either a biomarker of AUD or as a diagnostic tool to better subdivide AUD patients. 

One study applied a genome-wide approach to 13,317 blood samples from 13 different 

cohorts and identified 590 differentially methylated CpGs (Liu et al., 2018). It was found 

that higher alcohol intake drove higher levels of methylation in blood samples (Liu et al., 

2018). In individuals with European ancestry, it was found that 144 CpGs are associated 

with current heavy alcohol intake (≥42g per day for males or ≥28g per day for females), 

which performed better than previous studies (Liu et al., 2018). Another study using 1549 

blood samples found that self-reported alcohol use is a poor reporter of hazardous alcohol 

drinking and didn’t correlate with significant changes in CpG methylation; however, 

correlating DNA methylation changes with phosphatidylethanol (an objective marker of 

alcohol consumption) generated 83 phosphatidylethanol associated CpGs including 23 that 

were previously known (Liang et al., 2020). This demonstrates that DNA methylation can be 

used as a biomarker for AUD and that it is important to have good measures of alcohol 

consumption when designing biomarker studies.

In summary, DNA methylation remains a critical area of study in AUD owing in part to its 

stability, ability to pass through a germline, and its use as a biomarker. Future studies will 

have to expand on existing studies to determine which changes that can be detected in the 

blood also persist in the brain and are indicative of severity of AUD symptoms or stage. 

Nonetheless, DNA methylation studies at the genome-wide level in human postmortem PFC 

of AUD and control subjects clearly suggest abnormal epigenetic processes regulating stress 

mechanisms, most likely via decreased glucocorticoid receptor gene expression (Gatta et al., 

2019). Also, DNMT inhibitors have the ability to attenuate alcohol drinking behaviors and 

other phenotypes such as anxiety-like behaviors in a preclinical model of AUD (Sakharkar et 

al., 2019; Warnault et al., 2013).
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7. New Technologies for Studying Histone Posttranslational Modifications 

and Epigenetic Regulation

Recent advances in the field have led to the ability to more accurately dissect the role of 

individual histone marks at discrete locations in the genome. Previously, this involved the 

use of engineered transcription activator-like effector nucleases (TALENs), which involved 

protein engineering and was costly and labor intensive (Joung and Sander, 2013). More 

recently, the advent of CRISPR Cas9 technology has vastly simplified this process and has 

been demonstrated to be useful both in vitro and in vivo (Sandoval et al., 2020) (Table 8).

7.1 CRISPR Cas9

The discovery of clustered regularly interspaced short palindromic repeats (CRISPR) in the 

bacterial genome and Cas nucleases lead to its use as a programmable and scalable tool to 

modify the mammalian genome (Cong et al., 2013; Jinek et al., 2012). The use of this 

system over previous iterations was preferable because it simplified the protein-DNA 

interaction and engineering required with previous systems like TALENs and instead relied 

on RNA-DNA interactions. The core system has two components consisting of a small guide 

RNA (sgRNA) which targets complementary DNA sequences (Sandoval et al., 2020) and a 

Cas nuclease which binds to the sgRNA and cleaves DNA at this location (Sandoval et al., 

2020). The ability to make targeted changes to DNA quickly led to an expansion of this 

technology (Sandoval et al., 2020) including the development of dead Cas systems that had 

been engineered to repressor or activator domains, base editors, proof-reading domains, 

fluorophores, inducible systems, optogenetic strategies, or expanded to include RNA editing 

Cas systems as well (Sandoval et al., 2020). For this review, we will focus exclusively on a 

subset of these strategies that involves using a dead Cas9 system, which is a mutant variant 

that contains D10A and H840A changes that lead to the Cas9 having a lack of endonuclease 

activity (Jinek et al., 2012).

Early iterations of dCas9 used viral proteins in order to control transcription, such as 

tetrameric herpes simplex viral protein 16 (VP64), which activated gene transcription or 

transcription factors such as Krüppel-associated box domain of Kox1 (KRAB) to repress 

gene transcription (Gilbert et al., 2013). Other groups have harnessed the power of using 

epigenetic modulating proteins to make epigenetic changes at precise genomic locations, 

leading to the ability to probe whether specific epigenetic changes at these loci are 

responsible for driving transcriptional and higher-order process changes. One of the first was 

dCas9-P300, which combines dCas9 to the P300 histone acetyltransferase in a fusion protein 

and can be used in combination with sgRNAs to selectively increase histone acetylation at 

distinct location (Hilton et al., 2015; Klann et al., 2017). Most studies have used this 

approach to increase H3K27Ac at enhancer regions in order to determine the role of the 

enhancers at that region (Hilton et al., 2015; Klann et al., 2017). In particular, one study 

demonstrated in vitro that increasing H3K27ac at cFos enhancers recruited BRD4 and that 

this drove cFos expression and function (Chen, Lin et al., 2019). This technology has been 

used to study histone acetylation regulated by alcohol. One study using dCas9-P300 

demonstrated that Gabra1 expression could be restored in primary cortical neurons in vitro 
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in a chronic ethanol exposure paradigm by increasing histone acetylation at the Gabra1 
promoter (Bohnsack et al., 2017).

Several other epigenetic modulating dCas9 constructs have been described. One example is 

dCas9-LSD1, which can be used to increase histone demethylation at targeted genomic loci 

and to determine the role of LSD1 in regulating gene expression at either promoters or 

enhancers through its substrate H3K4me2 (Kearns et al., 2015). When targeted to a known 

enhancer, the target gene, Tbx3, was decreased, but when targeted toward the promoter 

region no decrease was observed, suggesting that regulation via LSD1 occurs primarily at 

the enhancer to control gene expression (Kearns et al., 2015). The same study evaluated the 

use of dCas9-KRAB and found that targeting both the promoter and the enhancer reduced 

Tbx3 expression and increased H3K27me3 (Kearns et al., 2015).

To date, epigenetic modulating fusion proteins have been constructed for DNA methylation, 

including dCas9-Tet1 (Liu et al., 2016; Xu et al., 2016) and dCas9-DNMTs (Liu et al., 

2016), histone deacetylation, such as HDAC3 (Kwon et al., 2017), HDAC8 (L.-F. Chen et 

al., 2019), histone methylation, such as SUV, G9A, and EZH2 (O’Geen et al., 2017), and 

transcription factors such as CREB (Lorsch et al., 2019). With the growing focus on 

epigenetics and CRISPR Cas technology, it is likely that more epigenetic regulator dCas9 

constructs will be developed in the future.

8. Conclusions

Over the past two decades, AUD research has continued to expand the role of the epigenome 

and epigenetics in regulating the acute, chronic, and developmental effects of ethanol. The 

increasing use of sequencing, single-cell, and genome editing technologies continues to help 

expand the role of epigenetics in regulating both the acute and chronic effects of ethanol. 

The hope is that this will eventually lead to tractable epigenetic drug targets that modulate 

histone acetylation/methylation or DNA methylation mechanisms to treat AUD (Figure 5).
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Figure 1. Overview of the cycle of alcohol addiction.
Prior to the first drink, several factors increase the risk of developing an AUD. These include 

genetic factors such as polymorphisms in aldehyde dehydrogenase, environmental factors 

such as education or social status, social factors such as if family members or friends 

consume alcohol, psychiatric factors such as comorbid disorders, (e.g. stress, anxiety, 

depression), or consumption factors such as age of onset. The cycle of addiction framework 

suggests that as the development of AUD occurs, individuals go through cycles of 

preoccupation and anticipation, binge consumption and then withdrawal, and that continued 

and persistent moves through this cycle eventually lead to a net affective disorder, where 

alcohol consumption is less for the rewarding effects and more to alleviate the negative 

effects (Koob and Volkow, 2016).
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Figure 2. Overview of histone acetylation and methylation writers, erasers, and readers.
A) Histone acetylation is catalyzed by histone acetylation transferases (HATS), such as CBP, 

P300, and members of the Myst family, known as the writers. Histone acetylation is 

removed by histone deacetylases (HDACs / SIRTs) which are divided into four subgroups, 

Class I HDACs (HDAC1–3, 8), Class IIA HDACs (HDAC4, 5, 7, 9), Class IIB HDACs 

(HDAC6, 10), and Class III (SIRT1–7) and Class IV (HDAC11). HDACs have different 

cellular and tissue distribution and function and are known as the erasers. Histone 

acetylation is bound by readers, the most commonly studied are bromodomain containing 

proteins (BRDs) of the Bromo- and Extra-terminal domain (BET) family. B) Histone 

methylation is catalyzed by histone methyltransferases (KMTs) which tend to be highly 

selective for the specific lysine residue they methylate and there exist over 100 different 

KMTs. Histone methylation is removed by histone demethylases (KDMs) which are 

separated into two broad families, flavin adenine dinucleotide dependent amine oxidase and 

FE(II) and a α-ketoglutarate-dependent hydroxylase (commonly known as the JmJC 

KDMs). Histone methylation is bound by a diverse group of methylation readers that are 

defined by their structural motifs such as the Tudor, Chromo, malignant brain tumor (MBT), 

Pro-Trp-Trp-Pro motif (PWWP) and plant homeodomain (PHD) families. Similar to KMTs, 

these proteins tend to bind to specific lysine residues with a defined number of methylation 

(e.g. mono- vs di-).
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Figure 3. Effects of alcohol exposure on histone acetylation.
A) Acute ethanol causes an increase in ACSS2 activity which is responsible for converting 

acetate to acetyl-CoA, a perquisite for histone acetylation, as well as increasing expression 

of the histone acetyltransferases CBP and P300 and decreasing histone deacetylase activity 

(HDAC). This results in an open chromatin structure which increases neuropeptide y (Npy) 

and activity-regulated cytoskeleton-associated protein (Arc), which could explain some of 

the anxiolytic effects of ethanol. B) Chronic alcohol and withdrawal increases HDAC 

activity and decreases CBP and P300, leading to a condensed chromatin structure. This 

corresponds to a decrease of Npy, Arc, brain derived neurotrophic factor (BDNF) and 

gamma aminobutyric acid alpha1 subunit (Gabra1). Functionally, in prefrontal cortex 

pyramidal neurons and the VTA, there is a decrease in GABA transmission and behaviorally 

both anxiety-like behavior and alcohol consumption are elevated. Treatment with HDAC 

inhibitors, such as Trichostatin A (TSA) restores chromatin and gene expression to a normal 

level, decreases ethanol consumption and prevents anxiety-like behavior and decreases 

GABA transmission. Some of these effects are observed when alcohol is given during key 

stages of development such as prenatal or adolescence.
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Figure 4. Effects of alcohol exposure on histone methylation.
A) Acute ethanol decreases G9A expression and H3K9me2 and leads to open chromatin and 

increased NPY expression and decreased anxiety-like behavior. Rapid ethanol tolerance by 

administering an ethanol challenge restores normal H3K9me2 and normal anxiety-like 

behavior. G9A inhibitors decrease H3K9me2 and lead to decreased anxiety-like behavior. B) 
Chronic ethanol primarily causes changes via repressive histone methylation (e.g. 

H3K9me2, H3K9me3, and H3K27me3) however some human and rodent studies have 

observed an increase in H3K4me3. Ethanol decreases the expression of PRDM2, LSD1 and 

KDM6B. LSD1 demethylates H3K9me2 and H2K9me1 while KDM6B demethylates 

H3K27me3. G9A, conversely, methylates H3K9 to H3K9me1 and H3K9me2. The net result 

is condensed chromatin and decreased gene transcription of neuropeptide y (Npy), activity-

regulated cytoskeleton-associated protein (Arc), brain derived neurotrophic factor (Bdnf), 
choline acetyltransferase (Chat), and tropomyosin receptor kinase A (TrkA). This is 

associated with anxiety-like behavior, alcohol consumption, deficits in reversal learning, and 

craniofacial deformities (when given during prenatal development). Exercise, choline or 

G9A inhibitors can reverse these changes. In ethanol naïve animals, knockdown of PRDM2, 

LSD1, and KDM6B leads to increased anxiety-like behavior and/or drinking. In humans, 

EZH2 is shown to bind to regulatory elements of ARC and BDNF and increase repressive 

H3K27me3.
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Figure 5. A unifying epigenetic mechanism of the effects of alcohol consumption on different 
stages of the addiction cycle that lead to alcohol use disorder.
Preexisting risk factors can lead to the initiation of alcohol consumption. The first drink or 

alcohol experience modulates reward and motivational centers of the brain such as the 

nucleus accumbens (NAc), dorsal striatum, and amygdala which underlie the rewarding or 

positive affect of alcohol consumption and attenuate negative affect. These are associated 

with increased histone acetylation and gene expression. During a second stage, the move to 

chronic alcohol consumption causes changes in motivation and executive centers of the brain 

such as the insula and there is tolerance to the rewarding effects of ethanol and the 

epigenetic effects such as increased gene activation. In the third stage, repeated chronic 

consumption and withdrawal activates negative affect centers such as the amygdala and the 

bed nucleus of the stria terminalis (BNST) and causes decreased histone acetylation, 
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increased repressive histone methylation and repressed gene expression which correspond 

with an increase in dysphoric behaviors such as anxiety. Acute ethanol challenge can restore 

both the epigenetic changes and behavioral changes to a more baseline levels. Importantly, 

these effects are also observed when ethanol is consumed during critical periods of 

development, such as during gestation or adolescence. Treatment with epigenetic drugs or 

genetic strategies can restore normal epigenetic pathways and functions and corresponding 

behaviors. This ultimately suggests that drugs that work on an epigenetic level could be 

useful for the treatment of alcohol use disorder.
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Table 1.

Effects of acute alcohol exposure on histone acetylation mechanism.

Study Species Exposure Region Genes Mark(s) Findings

(Pandey et al., 
2008a)

Sprague 
Dawley rats

1g/kg i.p. CeA, MeA CBP, NPY H3K9/14ac, 
H4K8ac

- Decreased HDAC activity

- Increased H3K9ac and H4K8ac

- Decreased anxiety-like behavior

(Finegersh and 
Homanics, 2014)

C57Bl/6 
mice

3 g/kg i.p. Cortex, 
Hipp.

Gad1, 
Hdac2, 
Hdac3 
Mt1,

H3K9/14ac, 
H3K4me3, 
H3K27me3

- Increased global H3K4me3 in 
cortex and hippocampus

Mt2, Egr1 - Changes at various promoters

(López-Moreno et 
al., 2015)

Wistar rats 3 g/kg i.g. Amg, PFC Hdacs - Increased Hdac1, Hdac2, and 
Hdac5 in amygdala after one binge

(López-Moreno et 
al., 2015)

Humans Blood Hdacs - All HDACs elevated except 
HDAC10 and HDAC9

(Sakharkar et al., 
2012)

Sprague 
Dawley rats

1 g/kg i.p & 1 or 
2 g/kg next day

CeA, MeA NPY H3K9ac, 
H4K8ac

- Tolerance prevents increased 
histone acetylation, anxiolysis, and 
NPY expression, can be reversed by 
TSA treatment

Abbreviations: i.p. = intraperitoneal, i.g. = intragastric, CeA = central nucleus of the amygdala, MeA = medial nucleus of the amygdala, hipp = 
hippocampus, PFC = prefrontal cortex.
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Table 2.

Effects of chronic alcohol exposure on histone acetylation mechanism.

Study Species Exp. Region Genes Mark(s) Findings

(Pandey et al., 
2008a)

Sprague 
Dawley rats

Liquid 
alcohol diet

CeA, 
MeA

CBP, NPY H3K9ac, 
H4K8ac

- Increased HDAC activity
- Decreased H3K9ac, H4K8ac, and NPY

- Increased anxiety-like behavior

- TSA administration prevents changes

(Bohnsack et al., 
2018)

Sprague 
Dawley and 
Wistar rats

i.g. (5g/kg), 
I2BC (20%)

Cortex, 
PFC

GABA (A)-R 
subunits, all 
HDACs

H3ac, 
H3K9ac, 
H3K14ac

- Decreased H3ac, H3K9ac, and H3K14ac 
in the cortex, increased HDAC2 and 
HDAC3

- Decreased GABA(A)R α1 and decay tau

- TSA prevents molecular and behavioral 
effects

(Arora et al., 
2013)

C57Bl/6 i.p 3.5g/kg VTA GABA (A)-R, 
HDAC2

H3K9ac - Decreased H3K9ac and GABA(A)-R α1 
and increased HDAC2

- Decreased GABA(A) signaling, restored 
by TSA

(Moonat et al., 
2013; Sakharkar 
et al., 2014)

P rats Vs. NP CeA, 
MeA

HDAC1
HDAC2
HDAC3
HDAC4
HDAC5
HDAC6
Arc, Bdnf-IV
NPY

H3K9ac - Treatment with TSA decreases drinking
- HDAC2 knockdown in CeA prevents 
anxiety-like and alcohol drinking 
behaviors

-HDAC2 knockdown increases 
H3K9/14ac associated with Arc and 
BDNF-IV promoter

(Warnault et al., 
2013)

C57/BL6 
and Long 
Evans

I2BC, 
Operant

NAc Dnmt1 H4ac - Decreased H4ac and increased Dnmt1 in 
NAc

(Barbier et al., 
2017)

C57BL/6 Vapor dmPFC p300, Myst - Decreased P300 and Myst

Abbreviations: P rats = selectively bred alcohol preferring rats, NP = non-alcohol preferring rats, Exp. = exposure, i.p. = intraperitoneal, i.g. = 
intragastric, I2BC = intermittent two bottle choice, CeA = central nucleus of the amygdala, MeA = medial nucleus of the amygdala, PFC = 
prefrontal cortex, NAc = nucleus accumbens, dmPFC = dorsalmedial PFC.
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Table 3.

Effects of adolescent alcohol exposure on histone acetylation mechanism.

Study Species Exp. Region Genes Mark(s) Findings

(Pandey et al., 
2015)

Sprague 
Dawley 
rats

Intermittent, 
2g/kg i.p.

CeA, MeA Hdac2, 
Hdac4, 
Bdnf-I, 
Bdnf-IV, 
Arc

H3K9ac, H3K9/14ac - Decreased H3K9ac and 
increased HDAC2 and HDAC4.
- Increased HDAC activity

- TSA prevents molecular effects, 
anxiety and alcohol consumption

(Sakharkar et 
al., 2016)

Sprague 
Dawley 
rats

Intermittent, 
2g/kg i.p.

Hipp. Ki-67, 
DCX, 
Bdnf-I, 
Bdnf-IV, 
CBP

H3K9ac, H3K9/14ac - Decreased H3K9ac and CBP in 
CA1–3 regions,
-Increased HDAC activity

- TSA prevents anxiety, restores 
markers of neurogenesis and 
decreases of H3K9/14ac at 
BDNF-I and BDNF-IV promoters

(Mulholland et 
al., 2018)

Sprague 
Dawley 
rats

5g/kg i.g. Hipp. Fmr1 H3K9/14ac,H3K27ac - Donepezil prevents increases of 
Fmr1 mRNA and increased 
H3K27ac at Fmr1 gene

(Bohnsack et al., 
2019)

Humans Earlyage of 
onset

Amgydala BDNF, Arc H3K27ac - Decreased Arc and BDNF 
expression and decrease in 
H3K27ac at regulatory elements

(Zhang et al., 
2018)

Sprague 
Dawley 
rats

Intermittent 
2g/kg i.p.

CeA, MeA CBP, P300, 
CREB

H3K9/14Ac - Decreased CBP, P300, and 
CREB expression

- Decreased H3K9/14ac at 
promoters of CBP, P300, and 
CREB.

Abbreviations: Exp. = exposure, i.p. = intraperitoneal, i.g. = intragastric, CeA = central nucleus of the amygdala, MeA = medial nucleus of the 
amygdala, Hipp = hippocampus.
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Table 4.

Effects of fetal alcohol exposure on histone acetylation mechanism.

Study Species Exp. Region Genes Mark(s) Findings

(Govorko et al., 
2012)

Sprague 
Dawley rats

Liquid diet Arcuate area / 
Hypo.

Cbp, 
Hdac2

H3K9ac Decrease of Cbp and increase 
Hdac2, decreased H3K9ac

(W. Guo et al., 
2011)

Long-Evans Vapor Cereb. CBP H3K914ac, 
H3K23ac 
H4ac

Decreased CBP, H3K9/14ac, 
H3K23ac, and H4ac

(Subbanna et al., 
2015)

C57BL/6 i.p. 2.5 g/kg NeocortexHipp Cb1 H4K8ac Increased H4K8ac at Cb1 gene

(Veazey et al., 2015) C57BL/6 i.p. 2.9 g/kg Cortex 24 genes H3K9ac Increased H3K9ac associated 
with promoters of growth factor 
genes in offspring effected by 
craniofacial deformities

Abbreviations, Exp. = exposure, i.p. = intraperitoneal, vapor = ethanol vapor, cereb = cerebellum, hipp = hippocampus
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Table 5.

Effects of chronic alcohol exposure on histone methylation mechanism.

Study Species Exp. Region Genes Mark(s) Findings

(Barbier et al., 2017) C57Bl/6 Vapor dmPFC HTS H3K9me1 - Decreased Prdm2 and H3K9me1

- Knockdown of PRDM2 increases alcohol 
self-administration

(Johnstone et al., 
2019)

Wistar rats Vapor NAc, PFC, 
DS, Cereb.

HTS H3K27me3 - Increased KDM6B, decreased H3K27ac in 
NAc

- Differentially expressed genes identified by 
H3K27me3 ChIP-seq in NAc involved in 
immune signaling pathways

(Johnstone et al., 
2019)

Human NAc KDM6B - KDM6B increased in human alcoholics in the 
NAc

(Hashimoto et al., 
2017)

WP and 
WSP mice

Vapor PFC HTS - Multiple changes in chromatin modifying 
enzymes due to strain and alcohol exposure

(Ponomarev et al., 
2012)

Human CeA, BLA, 
superior 
frontal cortex

HTS H3K4me3, 
H3K4me2, 
H3K4me1

- MLL, MLL4, and SETD1A upregulated in 
all three brain regions and increase of 
H3K4me3

(Zhou et al., 2011) Human Hipp, HTS H3K4me3 - Differences in H3K4me3 in AUD at 729 gene 
promoters

Abbreviations, WP = withdrawal protective, and WSP = withdrawal seizure prone, vapor = ethanol vapor, CeA = central nucleus of the amygdala, 
MeA = medial nucleus of the amygdala, BLA = basolateral nucleus of the amygdala, dmPFC = dorsomedial PFC, cereb = cerebellum, DS = dorsal 
striatum, hipp = hippocampus, HTS = high throughput sequencing
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Table 6.

Effects of adolescent alcohol exposure on histone methylation.

Study Species Exp Region Genes Mark(s) Findings

(Kyzar et al., 
2019b)

Sprague 
Dawley rat

i.p. 
2g/kg

Amg KDM6B, Arc H3K27me3 - Decreased KDM6B
- Increased H3K27me3

- Decreased Arc expression

- KDM6B knockdown in CeA causes 
anxiety-like behavior

(Bohnsack et al., 
2019)

Human Amg BDNF, Arc, EZH2 H3K27me3 - Increases in EZH2 and H3K27me3 
associated with Arc and BDNF 
regulatory elements in early onset AUD

(Kyzar et al., 2017) Sprague 
Dawley rat

i.p. 
2g/kg

Amg Histone 
methyltransferases

H3K4me2, 
H3K9me2

- Decreased LSD1 and LSD1+8A in 
CeA and MeA and increased H3K9me2 
in CeA and MeA

(Kyzar et al., 2019a) Sprague 
Dawley rat

i.p. 
2g/kg

Amg BDNF-IV, LSD1+8a H3K9me2 - Decreased LSD1 and increased 
H3K9me2 at BDNF-IV promoter

- Knockdown of LSD1 in CeA causes 
anxiety-like behavior

(Vetreno et al., 
2019)

Wistar i.g 
5g/kg

Hipp ChAT H3K9me2 - Increased H3K9me2 at Chat and Trka 
promoter

- Exercise prevents changes in 
H3K9me2 at Chat and Trka promoter

- Exercise prevents reversal learning 
deficits

(Wolstenholme et 
al., 2017)

DBA/2J i.g. 4 
g/kg

PFC HTS H3K9me1–3 
and 
H3K36me1–3

- Decrease of global H3K36me1–3 in 
males but not females

- Changes in myelin related genes

Increased ambulation and decreased 
sensitivity to alcohol

Abbreviations, Exp = exposure, i.p. = intraperitoneal, i.g. = intragastric, PFC = prefrontal cortex, hipp = hippocampus, Amg = amygdala, HTS = 
high throughput sequencing
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Table 7.

Effects of fetal alcohol exposure on histone methylation mechanism.

Study Species Exp. Region Genes Mark(s) Findings

(Govorko et al., 
2012)

Sprague 
Dawley 
rats

Liquid 
alcohol diet

Hypo. Set7, G9A, 
Setdb1

H3K4me2, 
H3K4me3, 
H3K9me2

- Decreased H3K4me2, H3K4me3, and 
Set7 in the arcuate area of the 
hypothalamus

- Increased H3K9me2, G9A and Setdb1 in 
the arcuate area of the hypothalamus

(Bekdash et al., 
2013)

Sprague 
Dawley 
rats

Liquid 
alcohol diet

Hypo. Set7/9A, 
G9A, 
Setdb1

H3K4me2/3, 
H3K9me2, 
H3K9Ac

- Choline administration prevents decreases 
in H3K4me2/3 and Set7/9

- Choline administration prevents increases 
in H3K9me2 and G9A and Setdb1

(Subbanna et 
al., 2013)

C57BL/6 i.p. 2.5 g/kg Hipp. 
NeoCtx

G9A, CC3, 
and Tau

H3K9me2, 
H3K27me3

- Increased G9A expression, H3K9me2 
and H3K27me3, and G9A activity in 
neocortex and hippocampus

- Treatment with G9A inhibitor prevents 
increases in Tau and CC3 protein

(Subbanna et 
al., 2014)

C57BL/6 i.p. 1 g/kg Hipp. 
NeoCtx

G9A, CC3, 
and Tau

H3K9me2, 
H3K27me3

- Increased G9A, expression H3K9me2 
and H3K27me3 and G9A activity in 
neocortex and hippocampus

- Treatment with G9A inhibitor prevents 
increases in Tau and CC3 protein

(Subbanna et 
al., 2015)

C57BL/6 i.p 2.5 g/kg Hipp. 
NeoCtx

Cb1 H3K9me2 - Decreased H3K9me2 associated with Cb1 
promoter

(Veazey et al., 
2015)

C57BL/6 i.p 2.9 g/kg Cortex 24 genes H3K4me3, 
H3K27me3, 
H3K9me2

- Broadly, H3K27me3 was decreased and 
H3K9me2 was increased associated with 
genes in animals with craniofacial 
deformities

Abbreviations, Exp = exposure, i.p. = intraperitoneal, Hyp = hypothalamus, hipp = hippocampus, NeoCtx = Neocortex.
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Table 8.

dCas9 constructs for use in target epigenetic engineering.

Study Cas9 Effector Target Effect Addgene

(Hilton et al., 2015) S. pyogenes P300 Histone Acetylation Gene Activation 61357

(Kearns et al., 2015) S. pyogenes LSD1 Demethylates H3K4 and 9 me1, 2 Gene Repression 92362

(Liu et al., 2016) S. pyogenes TET1 DNA demethylation Gene Activation 84475

(Liu et al., 2016) S. pyogenes DNMT3A DNA methylation Gene Repression 84570

(Kwon et al., 2017) S. pyogenes HDAC3 Histone Acetylation Gene Repression 98591

(Chen, Lin et al., 2019) S. pyogenes HDAC8 Histone Acetylation Gene Repression n/a

(O’Geen et al., 2017) S. pyogenes EZH2 Writer of H3K27me3 Gene Repression 100086

(O’Geen et al., 2017) S. pyogenes G9A Writer of H3K9me3 Gene Repression 100089
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