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Chronic liver disease (CLD) represents a global health problem, accounting for the heavy burden of disability and increased health care utilization. Epigenome alterations play an important role in the occurrence and progression of CLD. Histone modifications, which include acetylation, methylation, and phosphorylation, represent an essential part of epigenetic modifications that affect the transcriptional activity of genes. Different from genetic mutations, histone modifications are plastic and reversible. They can be modulated pharmacologically without changing the DNA sequence. Thus, there might be chances to establish interventional solutions by targeting histone modifications to reverse CLD. Here we summarized the roles of histone modifications in the context of alcoholic liver disease (ALD), metabolic associated fatty liver disease (MAFLD), viral hepatitis, autoimmune liver disease, drug-induced liver injury (DILI), and liver fibrosis or cirrhosis. The potential targets of histone modifications for translation into therapeutics were also investigated. In prospect, high efficacy and low toxicity drugs that are selectively targeting histone modifications are required to completely reverse CLD and prevent the development of liver cirrhosis and malignancy.
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1 INTRODUCTION
Chronic liver disease (CLD) and its ultimate outcome liver cirrhosis represent a heavy global health burden, accounting for two million deaths each year (Mokdad et al., 2014; Tapper and Parikh, 2018). The incidence and prevalence rates of CLD are rising worldwide (Liangpunsakul et al., 2016; Wong et al., 2019; Younossi, 2019; Moon et al., 2020), resulting in a high rate of disability and increased health care utilization (Moon et al., 2020). The etiologies of CLD comprise chronic Hepatitis B virus (HBV) and Hepatitis C virus (HCV) infection, metabolic syndrome, excessive alcohol consumption, exposure to the chemical compound, autoimmune response, etc., (Zeng et al., 2021). These etiologies contribute to chronic liver damages, which can progress to liver fibrosis, liver cirrhosis, and even hepatocellular carcinoma (HCC) (Hardy and Mann, 2016), further reducing the life quality of patients. Nowadays, HCV infection can be cured with antiviral treatments, and HBV infection can be prevented by vaccines and suppressed by oral antiviral regimens (Younossi et al., 2020). However, therapeutic options for CLD remain insufficient in many cases (Zeidler et al., 2017). It is essential to elucidate the mechanism in the occurrence and progression of CLD and develop new effective therapeutics.
Epigenetic modifications include DNA methylation, histone modifications, non-coding regulatory RNA-mediated processes, and chromatin remodeling, which regulate gene expression without changing DNA sequences (Chen et al., 2020). In recent years, emerging studies on epigenetics have provided novel insights into the pathogenesis and treatment of CLD (Wilson et al., 2017). This review mainly focuses on the roles and therapeutic opportunities of histone modifications in CLDs, particularly in alcoholic liver disease (ALD), metabolic-associated fatty liver disease (MAFLD), viral hepatitis, and liver fibrosis/cirrhosis. The role of histone modification in HCC has been summarized elsewhere (Khan et al., 2017; Han et al., 2018; Rajan et al., 2020; Wolinska and Skrzypczak, 2021), and is not the focus of the current review.
2 HISTONES AND HISTONE MODIFICATIONS
2.1 Histones
Histones are highly conserved essential proteins and are the main protein components of chromatin in all eukaryotic cells (Strahl and Allis, 2000; Shechter et al., 2007). Two major types of histone proteins, core histones (H2A, H2B, H3, and H4) and the linker histone (H1), play crucial roles in genome packaging. At the initial stage of DNA packaging, two turns of DNA (∼150 bp) are wrapped around an octamer composed of dimers of the four core histone proteins (H2A, H2B, H3, and H4) to form the nucleosome core particle, the recurring unit structure of chromatin (Figure 1A) (Kamakaka and Biggins, 2005; Kawashima et al., 2015). One molecule of linker histone H1 binds to the site where DNA enters and exits the nucleosome core particle, forming a complete nucleosome (Figure 1A) (Fyodorov et al., 2018). The nucleosomes are linked by a sequence of DNA (∼60 bp) and are assembled into beaded chromatin filaments (Figure 1B) (Lawrence et al., 2016; Fyodorov et al., 2018). At the advanced level of DNA packaging, the filaments are folded into fibers and eventually packaged into the nucleus (Figure 1B). In this process, histone H1 contributes to chromatin compaction and the formation of higher-order chromatin structures (Ponte et al., 2017).
[image: Figure 1]FIGURE 1 | Structure and modifications of histones. (A) Four core histone proteins (H2A, H2B, H3, and H4) and one linker histone H1 which binds to the site where DNA enters and exits the nucleosome core particle, form a complete nucleosome. Post-translational modifications (PTMs) occur on histone terminal tails, which are accessible on the surface of the nucleosome. (B) The nucleosomes are linked by a sequence of DNA (∼60 bp) and are assembled into beaded chromatin filaments. (C) The potential acetylation, methylation, phosphorylation, and ubiquitination sites of the four core histones are shown. (D) A large array of proteins are involved in regulating and interpreting these PTMs, including readers, writers, and erasers.
2.2 Histone Modifications
The four core histones (H2A, H2B, H3, and H4) contain a conserved C- terminal histone fold structure and a flexible N- terminal tail protruding from the nucleosome (Figure 1C) (Kamakaka and Biggins, 2005). The linker histones (H1) instead consist of a short, unique N- terminal tail, a central stably folded domain, and a long, intrinsically disordered C- terminal tail (Allan et al., 1980). Histones impede transcription by condensing DNA and physical obstruction (Lorch et al., 1987; Kouzarides, 2007). However, histones have more elaborate functions depending on the post-translational modifications (PTMs) of their terminal tails, which are accessible on the surface of the nucleosome (Figures 1A,C) (Li et al., 2007; Allis and Jenuwein, 2016). PTMs of terminal histones, including acetylation, methylation, phosphorylation, ubiquitination, sumoylation and ADP-ribosylation, can directly influence protein stability, localization, activity, and the interactions between histone-DNA and histone-histone (Apweiler et al., 2004; Vu et al., 2018). The cumulative effect of multiple histone modifications ultimately determines the transcriptional activity of a gene. The histone tails and the common PTMs sites are shown in Figure 1C. In addition to the abovementioned effects, histone modifications can also affect the recruitment of chromatin modifiers as well as transcription factors (Ausio et al., 1989; Clements et al., 2003). Moreover, histone modifications can recruit effector proteins and indirectly activate downstream signaling (Wysocka et al., 2006). Despite the diversity of modification types, histone modifications and their corresponding regulating enzymes represent significant specificity during residue modification and epigenome (Bates, 2020). There are hundreds of enzymes regulating the PTMs of histones, and these enzymes are categorized as writers, readers, or erasers according to their effects on chromatin function (Figure 1D) (Tarakhovsky, 2010; Bates, 2020). As the name implies, “writers” are enzymes that add modifications, “readers” are bromodomain and chromodomain proteins that recognize acetylated or methylated residues, whereas “erasers” are enzymes that remove post-translational modifications (Figure 1D). The writer, reader, and eraser proteins regulate gene expression via histone modifications and eventually involve in the development of CLD. In this review, we focus on the functions and regulations of the three best-studied types of PTMs in CLD, which are acetylation, methylation, and phosphorylation of terminal histones.
2.2.1 Histone Acetylation
Histone acetylation is modulated via the balance of the activity of histone acetyltransferases (HATs) and histone deacetylases (HDACs) (Guo et al., 2018). HATs catalyze the reaction where an acetyl group from the acetyl-CoA transfer to the ε-amino group on histone lysine residues (Daskalaki et al., 2018). Nevertheless, HDACs catalyze deacetylation by hydrolyzing acetyl groups from the lysine residues (Schneider et al., 2013). Acetylation of histones can neutralize the positive charges of histones and decrease electrostatic interactions between the histones and DNA, since the DNA is in a negative charge. Thus, histone acetylation relaxes histone-DNA interactions and turns the chromatin to a transcriptionally active state (Hardy and Mann, 2016). On the contrary, deacetylation of histones leads to the formation of heterochromatin and represses the transcriptional activity of DNA (Guo et al., 2018). In terms of the structure and functional properties, the “writer” protein HATs can be divided into five categories: p300/CBP, Gcn5-related N-acetyltransferases (GNAT), SRC, MYST, and TAFII250 (Gajer et al., 2015). Besides, the “erasers” protein HDACs can be classified into four subclasses: Class I-IV HDACs. Class I HDACs, including HDAC1, HDAC2, HDAC3, and HDAC8, are associated with the RPD3 deacetylase; class II HDACs contains HDAC4-10 and are homologous to the histone deacetylase 1 (HDA1); class III HDACs, including sirtuin 1 (SIRT1) to SIRT7, represent with homology to silent information regulator 2 (Sir2); and Class IV (HDAC11) (Seo et al., 2014; Guo et al., 2018). Moreover, histone acetylation is recognized by bromodomain readers. Bromodomain-containing protein 4 (BRD4), as an acetylation reader and a member of the bromodomain and extraterminal (BET) family (Peverelli et al., 2017), reads the hyperacetylated regions of chromatin (Stathis et al., 2016).
2.2.2 Histone Methylation
The methylation of histones is regulated by the activity of histone methyltransferases (HMTs) and histone demethylases (HDMTs) (Kim et al., 2021). HMTs catalyze the addition of methyl groups from S-adenosylmethionine (SAM) onto lysine and arginine residues of histones. Unlike HATs, HMTs methylate not only histones, but also non-histone proteins. On the contrary, HDMTs catalyze the elimination of methyl groups from histones (Greer and Shi, 2012). Lysine residues have three methylation states: mono- (me), di- (me2) and trimethylation (me3), while arginine residues have different patterns of methylation: monomethylated (me) or symmetrically dimethylated (me2s) or asymmetrically dimethylated (me2a) (Gong and Miller, 2019). Different from other modifications of histones, histone methylation occurs mainly on the lysine or arginine residues of H3 and H4 (Moghe et al., 2011), and represents different effects on transcription depending on the location and state of the specific residue being modified. For instance, methylation on H3K9, H3K27, and H4K20 has a silencing effect, while methylation on H3K4, H3K36, and H3K79 has an activating effect (Santos-Rosa et al., 2002; Black et al., 2012; Collins et al., 2019). HMTs are divided into three categories: SET-domain containing enzymes, Dot1-like proteins acting on lysine (KMTs), and arginine N-methyltransferase enzymes (PRMTs) acting on arginine (Black et al., 2012; Blanc and Richard, 2017). Whereas, lysine demethylases (KDMs) are classified into two families: amine oxidases and iron-dependent dioxygenases with a jumonji C (JmjC)-domain (Shi et al., 2004; Tsukada et al., 2006; Whetstine et al., 2006). The characterization of arginine demethylase is not well understood, although a subset of JmjC KDMs, deaminase enzymes peptidyl arginine deaminase 4 (PAD4), and Jumonji domain-containing protein 6 (JMJD6) have been reported to demethylate arginines (Chang et al., 2007; Walport et al., 2016). Methylation of histones does not change the electronic charge of the histones, nor does it change the DNA-histones interactions. Therefore, histone methylation might mainly function by influencing the binding of specific “readers” to the methylated site (Martin and Zhang, 2005). These “readers” are methyl binding motifs containing chromodomain proteins, including the chromobox (CBX) family and chromodomain helicase DNA binding protein (CHD1) (Hyun et al., 2017; Bates, 2020).
2.2.3 Histone Phosphorylation
Histone phosphorylation status is mediated by the activity of kinases and phosphatases. Kinases add phosphate groups from ATP mainly to the hydroxyl group on serine, threonine, and tyrosine residues of histones, while phosphatases remove the phosphates from these residues (Bannister and Kouzarides, 2011; Rossetto et al., 2012). The addition of remarkably negative charges and changed histone structures due to histone phosphorylation might induce chromatin relaxation (Roque et al., 2008; Lopez et al., 2015). Besides, histone phosphorylation interacts with other histone modifications, and the cross-talk regulates the chromatin status and interactions between them (Zippo et al., 2009). It is known that histone phosphorylation plays a role in DNA damage and repair, compaction of chromatin related to mitosis and meiosis, and the modulation of transcription (Alaskhar Alhamwe et al., 2018). Phosphorylation is recognized by “readers”, which are proteins containing phospho-binding modules, such as 14-3-3 and BRCT domains (Yun et al., 2011). The “readers” are also characterized as downstream effectors.
2.3 Experimental Methods for Histone Modification Detection
Chromatin immunoprecipitation (ChIP) test is the most traditional strategy in studying DNA-protein interactions (Kuo and Allis, 1999). In this procedure, chromatin proteins are temporarily cross-linked to DNA, and the harvested chromatin is sheared into several short DNA-protein parts (Chenarani et al., 2021). Selected sections containing proteins of interest are subsequently immunoprecipitated by incorporating antibodies specific to these proteins. The protein-bound DNA fragments are then purified and sequenced by numerous analytical methods (Decaprio and Kohl, 2020). The result is a rundown of short DNA fragments attached by specific proteins (Chenarani et al., 2021). However, the technique requires optimization of reaction conditions, and its application is limited by the sparse reads or low cell throughput. Therefore, ChIP is often implied in combination with other techniques.
Re-ChIP methods, which employ sequential immunoprecipitation reactions, were developed to identify multiple proteins bound to a single DNA sequence (Truax and Greer, 2012). However, the yield of Re-ChIP is very low with great fluctuation. In addition, ChIP, coupled with microarrays (ChIP–chip), enables the DNA sections obtained from ChIP to be identified by hybridization to microarrays, therefore providing genome-wide profiling of DNA-histone interactions (Park, 2009). Similarly, ChIP, combined with next-generation sequencing technologies (ChIP-Seq), also allows the genome-wide identification of histone binding sites, and has more excellent coverage, higher resolution, and less noise (Park, 2009). As for the classical ChIP experiment, many studies have proposed improvement schemes of experimental steps to increase its practicability, resulting in improved methods including scChIP-seq, scChIL-seq, scChIC-seq, iscChIC-seq, etc (Rotem et al., 2015; Harada et al., 2019; Ku et al., 2019; Ku et al., 2021). Reviews of these methods are also available for readers who have interests (Ludwig and Bintu, 2019; Ma et al., 2019; Harada et al., 2021).
3 HISTONE MODIFICATIONS IN CLDS
3.1 Alcoholic Liver Disease (ALD)
ALD is a kind of CLD caused by chronic and excessive alcohol use. ALD can first be presented as simple steatosis (fat accumulation in hepatocyte), and then progress to alcoholic hepatitis (steatosis concurrent with inflammation), liver fibrosis, cirrhosis, and even HCC (Cao et al., 2021). Alcohol is first oxidized primarily in the cytoplasm of hepatocytes by alcohol dehydrogenase (ADH) (Osna et al., 2017). The ADH-catalyzed ethanol oxidation consumes nicotinamide adenine dinucleotide (NAD+), and generates reduced NAD+ (NADH) as well as acetaldehyde. Acetaldehyde and its adducts are highly reactive and toxic. However, acetaldehyde is rapidly oxidized to acetate under the catalysis of aldehyde dehydrogenase 2 (ALDH2) inside mitochondria, accompanied with NAD+ consumption and NADH production (Osna et al., 2017). The pathogenesis of ALD is quite complex and results from the interaction of multiple mechanisms (Lin et al., 2018; Sehrawat et al., 2020). The metabolism of ethanol in the liver produces abundant reactive oxygen species (ROS) and alters the balance between lipogenesis and fatty acid metabolism, leading to hepatic steatosis (Xu et al., 2017). Besides, alteration of the NADH/NAD+ ratio, mitochondrial function impairment caused by the metabolite acetaldehyde, gut microbial-derived lipopolysaccharides (LPS) translocation caused by increased intestinal permeability, and excessive inflammatory responses also contribute to the development of ALD (Seitz et al., 2018; Bajaj, 2019; Cao et al., 2021). Interestingly, ALDH2, which is crucial in acetaldehyde detoxification, has been reported to play a beneficial role in attenuating chronic alcohol-induced hepatic carbonyl formation, hepatic oxidative stress, apoptosis, and regulation of autophagy, thereby ameliorating hepatic steatosis and inflammation induced by chronic alcohol intake (Guo et al., 2009; Guo et al., 2015). Therefore, the genetic polymorphism of ALDH2 may also play a crucial role in the pathogenesis of ALD. Apart from these pathological mechanisms, histone modifications in intrahepatic cells, mainly including acetylation, methylation, and phosphorylation of histones, were also demonstrated to be involved in the development of ALD (Kriss et al., 2018).
3.1.1 Histone Acetylation in ALD
It was reported that ethanol selectively increased acetylation of Lys9 in histone H3 (H3K9) in a dose-dependent and time-dependent manner in rat hepatocytes in vitro (Park et al., 2003). In addition, chronic ethanol treatment in rats selectively increases the class I alcohol dehydrogenase (ADH I) gene expression via enhancing H3K9 acetylation in promoter and coding regions of ADH I (Park et al., 2012). Besides, alcohol-induced acetylation was site-specific, mainly on H3K9/K14 and H3K18/K23 (Kriss et al., 2018). These reports imply that there might be a disease-relevant epigenetic signature in ALD, and alcohol intake may induce the expression of ADH I, thereby accelerating the oxidation of ingested ethanol to acetaldehyde. Furthermore, increased H3K9 acetylation by HDAC3 inhibitor Trichostatin A (TSA) permits the expression of the β-oxidation gene carnitine palmitoyltransferase 1α (CPT1α) and attenuates binge alcohol-induced hepatic steatosis (Kirpich et al., 2013). Moreover, acetylation of H3K9 at the promoter of patatin-like phospholipase domain-containing 3 (PNPLA3) increases expression of the lipid homeostasis-related gene PNPLA3 (Restrepo et al., 2017). These results suggest that alcohol intake promotes the acetylation of H3K9 at lipogenesis genes (e.g., PNPLA3) and inhibits the acetylation of H3K9 at lipolysis genes (e.g., CPT1α), which increases lipid anabolism and reduces lipid catabolism, respectively, thus breaking the homeostasis of fats in ALD. Acetylation of histones is mainly accomplished via activating HATs and inhibiting HDACs (Table 1; Figure 2) (Park et al., 2005; Huber et al., 2007). For example, p300 (a subfamily of HATs) and H3K9 acetylation levels were elevated simultaneously at peak blood alcohol levels in rats with chronic ethanol intake (Bardag-Gorce et al., 2007). Besides, many studies have demonstrated that the expression of HDAC is inhibited and is associated with increased hepatic histone acetylation after alcohol exposure (Yeung et al., 2004; You et al., 2008; Kirpich et al., 2012). In addition to the deacetylation function, SIRT1 promotes the conversion of the metabolite of ethanol acetic acid into acetyl-CoA, which acetylates histones under the catalysis of HATs (Sahar et al., 2014; Lin et al., 2018). Therefore, SIRT1 may be involved in the balance of gene silencing and activation in ALD via acetylation of histones. However, few studies focus on the role of SIRT in ALD, which should be especially studied in the future. Additionally, inhibition of histone acetylation reader BRD4 either by epigenome editing or selective inhibitor iBET-151 could suppress the chemokine expression in liver sinusoidal endothelial cells (LSECs) and reduce neutrophil infiltration in murine models of alcoholic hepatitis (Figure 2) (Liu et al., 2021). These results imply that histone acetylation are indeed involved in the inflammatory response of alcoholic hepatitis, and that the role of histone acetylation depends to some extent on the involvement of readers. In summary, histone acetylation involves ALD via up- or down-regulating the transcription of ADH I, CPT1α, and PNPLA3 under the regulation of writers, erasers, and readers, and sequently promoting alcohol metabolism, accumulation of fats, and hepatic inflammation (Figure 3B).
TABLE 1 | Summary of histone modifications and the corresponding mechanisms involved in CLD.
[image: Table 1][image: Figure 2]FIGURE 2 | Signaling regulations of histone modification in CLDs. In CLD, hepatocytes, HSCs, LSECs and cholangiocytes undergo histone modifications via the regulation of the writers and erasers, and these modifications are recognized by readers. ALD: alcoholic liver disease; MAFLD: metabolic-associated fatty liver disease; DILI: Drug-induced liver injury; HSC: hepatic stellate cell; LSEC: liver sinusoidal endothelial cell.
[image: Figure 3]FIGURE 3 | Underlying mechanisms of histone modifications in CLDs. The main histone modifications, the targeted genes, the corresponding effects and the therapeutic targets in CLDs were shown. (A) Modifications of histones are mediated via writers and erasers, and are recognized by readers. These modifications work through changing the expression of corresponding genes. (B) In ALD, p300, HDAC, and BRD4 mediate the histone modifications at specific genes, which regulate lipid and alcohol metabolisms and inflammation reaction. (C) In MAFLD, p300/CBP, HDAC1, SET7/9 et al. mediate the histone modifications at specific genes, which promote chronic inflammation, lipid and glucose metabolism and oxidative stress. (D) In viral hepatitis, PRMT5, HDAC1, BRD4 et al. mediate the histone modifications at specific genes, which regulate HBV replication, cccDNA accumulation and transcription. (E) In autoimmune liver disease, p300 and other proteins mediate the histone modifications at specific genes, which promote T cell proliferation, INF production and cholangiocyte senescence. (F) In liver fibrosis/cirrhosis, p300, SET7/9, HDAC 3 et al. mediate the histone modifications at specific genes, which promote HSC activation, ECM accumulation and chronic inflammation. ALD: alcoholic liver disease; MAFLD: metabolic-associated fatty liver disease; HSC: hepatic stellate cell; IFN: interferon; ECM: extracellular matrix.
3.1.2 Histone Methylation in ALD
In addition to histone acetylation, histone methylation also plays a critical role in the process of ALD (Benevolenskaya, 2007). Alcohol administration reduced the dimethylation of H3K9 and increased the dimethylation of H3K4 in primary rat hepatocytes (Pal-Bhadra et al., 2007). Besides, increased trimethylation of H3K27 was found in a rat model with chronic ethanol administration (Bardag-Gorce et al., 2009). According to these results, the level and types of histone methylation are indeed altered in ALD, suggesting that histone methylation may be involved in the occurrence and development of ALD. Further studies have shown that accumulated H3K9 methylation at the promoter was related to ethanol-downregulated genes like L-serine dehydratase (LSDH) and Cytochrome P450 2C11 (CYP2C11) (Pal-Bhadra et al., 2007). Nevertheless, increased methylation of H3K4 and reduced H3K9 methylation in the gene regulatory region were associated with ethanol-upregulated genes ADH I and Glutathione S-transferase Yc2 (GST-Yc2) (Pal-Bhadra et al., 2007). These results further confirm that alcohol promotes locus-specific chromatin modification, and the alcohol-induced changes in gene expression might be regulated through histone modification (Figure 3B). In addition, S-adenosyl-L-methionine (SAM), an important molecule in histone methylation, is mainly derived from the liver and is metabolized to S-adenosylhomocysteine (SAH) by methyltransferases (Mato et al., 2002). SAM is the major methyl donor of histone methylation, while SAH is an effective histone methylation inhibitor (Fontecave et al., 2004; Lu and Mato, 2008). Accumulated evidence reveals that ethanol causes hepatic SAM deficiency via various mechanisms (Ara et al., 2008; Bardag-Gorce et al., 2010; Moghe et al., 2011). In addition, alcohol administration followed by SAM treatment can attenuate the alcohol-induced liver injury (Ara et al., 2008; Bardag-Gorce et al., 2010; Moghe et al., 2011). These studies imply that alcohol might affect the methylation process of histones via SAM metabolism, and SAM supplementation may reverse histone demethylation induced by alcohol. However, it remains unclear how histone methylation directly takes part in the pathogenesis of ALD, and further studies are needed.
3.1.3 Histone Phosphorylation in ALD
Phosphorylation of histones is also involved in the development of ALD along with other modifications of histones. Ethanol and its metabolite increased phosphorylation of histone H3 at serine 10 (H3S10) and serine 28 (H3S28) in primary rat hepatocytes via activation of p38 mitogen-activated protein kinase (MAPK) (Table 1; Figure 2) (Lee and Shukla, 2007; Aroor et al., 2010). Moreover, phosphorylation of H3S10 was able to activate the acetylation of H3K14 and inhibit the acetylation of H3K9 in vitro (Lo et al., 2000; Edmondson et al., 2002). Therefore, it is plausible that ethanol affects the modification of histones in both independent and orchestrated ways (Shukla et al., 2015). Little is known about the specific role of histone phosphorylation in ALD, and more researches are still urgently needed. In general, chronic alcohol intake may lead to histone acetylation, methylation, and phosphorylation, which affect the expression of relevant genes, leading to the progression of ALD. However, further research is needed to fill in the gaps in the role of histone modifications in pathogenesis (Figure 3B).
3.2 Metabolic Associated Fatty Liver Disease (MAFLD)
Nonalcoholic fatty liver disease (NAFLD) is becoming the leading cause of end-stage CLD and liver failure (Kazankov et al., 2019). NAFLD ranges from simple steatosis to its progressive and inflammatory form, nonalcoholic steatohepatitis (NASH) (Lee et al., 2017; Abdelmalek, 2021). NAFLD is assumed to be associated with obesity status and metabolic dysfunctions, such as dyslipidemia, insulin resistance (IR), diabetes mellitus, cardiovascular disease, etc., (Ipsen et al., 2018). Therefore, experts recently reached a consensus to rename NAFLD to metabolic dysfunction associated fatty liver disease (MAFLD), which is a more appropriate overarching term (Eslam et al., 2020). Lipid acquisition in the liver depends on the uptake of circulating lipids and de novo lipogenesis, while lipid disposal in the liver depends on fatty acid oxidation and lipids export. The imbalance between lipid acquisition and lipid disposal finally results in hepatic steatosis (Ipsen et al., 2018). Mechanisms underlying the pathological steatosis of the liver are not fully elucidated. Currently, abnormal hepatic lipid metabolism, oxidative stress response, mitochondrial damage, and inflammatory cytokines releasement are proved to be involved in the pathogenesis of MAFLD (Manne et al., 2018). Moreover, emerging evidence suggests that MAFLD is an epigenetics-driven disease in which various epigenetic mechanisms mediate gene-environment interactions (Sun et al., 2015; Eslam et al., 2018). Here, we mainly focus on the role of histone modifications in MAFLD.
3.2.1 Histone Acetylation in MAFLD
Histone acetylation is the most commonly studied histone modification, and acetylation of H3 and H4 is the most known alterations in MAFLD (Du et al., 2017; Morral et al., 2021). In chronic high-fat maternal diet-induced fetal Japanese macaques model, HDAC1 was downregulated in the liver and associated with significant hyperacetylation of H3K14 and increased acetylation at H3K9 and H3K18 in liver tissue (Table 1; Figure 2) (Aagaard-Tillery et al., 2008). These results demonstrated that a high-fat maternal diet led to acetylation of histones in fetal, and the epigenetic change acquired in fetal could serve as origins of adult disease. Besides, obese mice had an increase in H3K9/K18ac at coding regions of tumor necrosis factor α (TNFα) and chemokine C-C motif ligand two genes (CCL2), which are key inflammatory mediators in MAFLD (Table 1) (Mikula et al., 2014). Moreover, H3K9/K18ac level was increased at TNFα and CCL2 in Hepa1-6 cells after treatment with lipopolysaccharide (LPS), resulting in polymerase two RNA (POL2) and nuclear factor-κB (NF-κB) recruitment (Table 1) (Mikula et al., 2014). This gives us a clue that the acetylation of H3K9/K18 induced by obesity can activate the transcription of pro-inflammatory-related genes, triggering or aggravating the inflammatory responses in MAFLD. With insulin stimulation, H3, H4 hyperacetylation (H3K4, H3K9, and H4K20) was found in the promoter of fatty acid synthase (FASN), sterol regulatory elements (SRE), and carbohydrate-responsive elements (ChoRE) (Table 1), which function in the de novo of lipogenesis, cholic acid synthesis, and cholesterol absorption, and lipogenic and glycolytic, respectively (Du et al., 2017; Cai et al., 2018; Rohrbach et al., 2019). Similarly, H4K8ac and H4K16ac were also accompanied by increased HAT activity in HepG2 cells with lipid accumulation (Table 1; Figure 2) (Chung et al., 2019). The above studies suggest IR may enhance acetylation of histone H3 and H4 at lipogenesis-related genes, which might be responsible for the fat accumulation in hepatic steatosis. Additionally, H3K27ac is an established marker for active regulatory elements in promoters and enhancers (Zhang et al., 2013). It was reported that H3K27ac is up-regulated at the enhancers of related genes in high-fat diet mice (Table 1), and the H3K27ac level can be reversed by weight loss (Siersbæk et al., 2017; Becares et al., 2019). In conclusion, histone acetylation, serving as a tool for gene transcription regulation, takes part in the development of MAFLD, and these epigenetic changes in histone acetylation are highly dynamic and reversible (Figure 3C).
3.2.2 Histone Methylation in MAFLD
Aberrant histone methylation profile is also involved in the process of MAFLD. Liver X receptors (LXRs) are nuclear receptors for oxysterols. After binding of the ligand, LXR would translocate to the nucleus and activate the transcription of genes containing LXR response elements (LXREs) (Slominski et al., 2021). In MAFLD, the repressive histone marks (H3K9me2 and H3K9me3) near LXRE in the promoter region of LXRα-target genes were removed by histone demethylase Jumonji domain-containing protein 2B (JMJD2B) (Table 1; Figure 2) (Kim et al., 2020). These alterations lead to increased expression of hepatic LXRα-dependent lipogenic genes, which contribute to the development of hepatic steatosis (Kim et al., 2020). Besides, transgenerational high-fat diet (HFD) feeding reduced H3K9me2 accumulation at promoters of LXRα and endoplasmic reticulum oxidoreductin-alpha (ERO1-α) in the offspring mice, which account for the up-regulation of lipogenesis and endoplasmic reticulum (ER) stress in the development of obesity and hepatic steatosis (Li et al., 2012). Besides, in another study, H3K9me2 demethylation mediated by histone demethylase plant homeodomain finger 2 (Phf2) at the promoter of carbohydrate responsive element-binding protein (ChREBP)-regulated genes increases transcription of the corresponding genes (Table 1; Figure 2) (Bricambert et al., 2018). ChREBP is a transcription factor that governs glycolytic and lipogenic genes. Activated ChREBP activates glycolysis and fatty acid synthesis and inhibits lipolysis (Linden et al., 2018). Therefore, H3K9me2 demethylation at the promoter of ChREBP facilitates lipogenesis in the liver. However, H3K9me2 demethylation at promoter of NF-E2-related factor 2 (Nrf2) reroutes glucose fluxes toward the pentose phosphate pathway and promotes glutathione biosynthesis, protecting the liver from pathogenic ROS accumulation and fibrogenesis in the MAFLD progression (Table 1; Figure 2) (Bricambert et al., 2018). These results imply that H3K9me2 may be decreased at specific gene promoters, thereby promoting adipogenesis and protecting liver from the pathogenesis progression, and these epigenetic changes accumulate over generations (Figure 3C).
In addition to H3K9, H3K4 methylation also plays a pivotal role in the development of MAFLD. Peroxisome proliferator-activated receptor-gamma 2 (PPARγ2) is a transcription factor for hepatic steatosis induced by overnutrition. In a murine MAFLD model, overnutrition contributes to hepatic steatosis by facilitating H3K4 methylation via H3K4 methyltransferase MLL4/KMT2D at steatotic target genes of PPARγ2 and activating their transcription (Table 1; Figure 2) (Kim et al., 2016). Moreover, methylation of H3K4 on the promoters of TNFα-induced inflammatory genes by methyltransferase SET7/9 affects the expression of TNFα-induced inflammatory cytokines (Table 1; Figure 2) (Li et al., 2008). These results provide us with a clue that H3K4 methylation activates the transcription of specific genes, which contributes to hepatic steatosis and induces inflammation response, leading to progression to steatohepatitis (Figure 3C).
3.2.3 Histone Phosphorylation in MAFLD
Although less well studied, histone phosphorylation still plays a unique role in MAFLD. As previously mentioned, MAFLD is closely associated with diabetes mellitus, which is characterized by elevated blood glucose levels and abnormal insulin levels or function (Manne et al., 2018). Higher H3S10 phosphorylation and H3 and H4 acetylation within the promoter and exon 2 regions of ChORE and FASN were observed in high glucose treated HepG2 and L02 cells (Table 1) (Cai et al., 2018). H3S10 phosphorylation might interact with other histone modifications to influence the transcriptional activity of genes (Figure 3C). However, the specific role of histone phosphorylation in MAFLD remains unclear and needs more investigations in the future. In conclusion, acetylation, methylation and phosphorylation of histones are involved in the process of MAFLD, which affects the expression of specific genes, resulting in the progression of MAFLD. However, more profound research is still needed to create a complete map of histone modifications in MAFLD and to understand their roles in the pathogenesis and progression of MAFLD (Figure 3C).
3.3 Viral Hepatitis (Hepatitis B and Hepatitis C)
Viral hepatitis is the leading cause of cirrhosis-related mortality in Asia (Moon et al., 2020). There are five types of hepatitis (A, B, C, D, and E), caused by five kinds of hepatitis virus, respectively. Chronic viral hepatitis occurs after the infection of HBV, HCV, hepatitis D virus (HDV), and occasionally hepatitis E virus (HEV). In this review, we mainly focus on cases with chronic infection of HBV and HCV. HBV is a covalently closed circular double-stranded DNA virus, and HCV is a positive-sense single-stranded RNA virus (Lanini et al., 2019). Both HBV and HCV are non-cytopathic viruses. Therefore, their pathogenesis is mainly regulated by metabolic changes and viral protein-induced host immunity (Irshad et al., 2013). Besides, viruses can induce changes in genetic sequence and the epigenetic status of host liver cells. HBV can integrate into the host genome or persist as a minichromosome of covalently closed circular DNA (cccDNA) with histone and non-histone proteins (Koumbi and Karayiannis, 2015). Persistent cccDNA existence and immune tolerance to HBV antigens in the liver are responsible for the chronic infection of HBV (Shih et al., 2018). The mechanisms of HCV persistence remain incompletely characterized, while viral assaulting on the host innate immune system and the defective adaptive immunity are included (Li et al., 2015). The chronic infection of viruses can lead to the host-specific immune-mediated liver damage and progression to cirrhosis and HCC (Seeger and Mason, 2015; Singal et al., 2020). Here, we discuss the changes in histone modifications after the infection of HBV or HCV and their roles in the disease progression.
3.3.1 Histone Acetylation in Viral Hepatitis
Histone modification occurs not only on the chromosome of host liver cells, but also on histones of HBV minichromosome. In HBV-infected cells, most of the abovementioned PTMs changes are induced by Hepatitis B virus X protein (HBx), an important protein for HBV replication (Luo et al., 2013). Hypoacetylation of H2A.Z and H3K9 was found in the chromosome of HBV infected hepatocytes owing to the elevated sirtuin deacetylase activity, resulting in chromatin structure changes (Table 1; Figure 2) (Jenke et al., 2014). Similarly, inhibition of histone H4 acetylation was also found in HCV-infected cells in vitro, which changed the expression of crucial genes for hepatocarcinogenesis (Table 1) (Duong et al., 2010). These studies prove that the acetylation status of histones in hepatocytes is changed after virus infection, leading to changes in chromatin structure and expression of specific genes. Besides, HAT1-catalyzed acetylation of H3K27/H4K5/H4K12 in cccDNA was found to promot HBV replication and cccDNA accumulation in a human liver-chimeric mouse model (Yang et al., 2019). On the contrary, hypoacetylated cccDNA-associated H3/H4 histones were accompanied by HDAC I recruitment in liver tissue and were correlated with low HBV replication (Pollicino et al., 2006; Luo et al., 2013; Koumbi et al., 2016). In addition, HDAC I inhibitors induced a significant increase in cccDNA-bound acetylated H4 and HBV replication (Table 1; Figure 2) (Pollicino et al., 2006). Moreover, a study of duck hepatitis B virus (DHBV) in vitro demonstrated that deacetylation of H3K9 and H3K27 in cccDNA minichromosome was associated with the suppression of cccDNA transcription (Table 1) (Liu et al., 2013). These observed results imply that acetylation of cccDNA-associated histones facilitates HBV replication as well as cccDNA accumulation and transcription. Taken together, histone acetylation alters the epigenome of both the virus and the host liver cells, which in turn affects viral and host gene replication and transcription (Figure 3D). However, in-depth studies are needed to explain the effect and the underlying mechanisms of histone acetylation in the pathogenesis of viral hepatitis.
3.3.2 Histone Methylation in Viral Hepatitis
Histone methylation is a common epigenetic change both in viruses and the host cells in viral hepatitis. Inhibition of histone H4 methylation was found in genes essential for hepatocarcinogenesis with changed expression in HCV proteins-induced cell lines, which might be responsible for the hepatocarcinogenesis in chronic hepatitis C (Table 1) (Duong et al., 2010). In addition, a decrease of H3K27me3, a silencing mark of transcription, was found in HCV-infected cells (Hlady et al., 2021). These studies indicate that alterations in histone methylation status in hepatocytes after viruses infection regulate the expression of genes which may exacerbate disease progression. For viruses, in vitro studies found that methylation of H3K9 and demethylation of H3K4me3 on viral promoters accompanied with the recruitment of heterochromatin protein 1 factor (HP1) is correlated with condensed chromatin and repressed viral gene expression (Rivière et al., 2015; Alarcon et al., 2016). The increase of H3K9me3 was mainly mediated by SETDB1, a type of histone methyltransferase, and the demethylation of H3K4me3 was mainly mediated by LSD1, a type of histone lysine demethylase (Table 1; Figure 2) (Rivière et al., 2015). Moreover, symmetric dimethylation of arginine 3 in H4 (H4R3me2s) on cccDNA, which was mediated by arginine methyltransferase 5 (PRMT5), was reported to have a repressive effect on cccDNA transcription (Table 1; Figure 2) (Zhang et al., 2017). These in vitro studies imply that the influence of cccDNA histone methylation on viral transcription resembles the impact of chromosome histone methylation on gene translation in eukaryotic cells. At present, cccDNA-associated histone methylation is found to affect the transcription of the viral gene. However, its effect on viral replication is still unknown. In vivo, H3K4me3 was related to viral transcription and patient HBeAg status in specimens from HBV patients (Flecken et al., 2019). However, cccDNA-associated H3K9me3 (usually a silencing mark) was not linked to decreased viral transcription (Flecken et al., 2019). These results show that the epigenetic landscape of chronic HBV infection is more complex in vivo, and in vitro models cannot fully simulate the situation in vivo (Figure 3D).
3.3.3 Histone Phosphorylation in Viral Hepatitis
Phosphorylation of histones is much less studied but still plays a role in viral hepatitis. In a previous study, phosphorylation of H3S10 was inhibited in human primary hepatocytes infected with HCV or transfected with HCV core protein (Madejón et al., 2015). The authors assumed that inhibition of H3S10 was due to the direct interaction between HCV core and Aurora B kinase (AURKB), which also induced a decrease of AURKB activity and downregulation of NF-κB and COX-2 transcription (Table 1; Figure 2) (Madejón et al., 2015). These changes may regulate the inflammatory response at the initial phase of viral infection, ensuring HCV infectivity. Besides, inhibition of histone H2AX phosphorylation and H4 methylation/acetylation was reported in HCV-infected cells, which might change the expression of hepatocarcinogenesis-associated genes and impede DNA damage repair (Table 1) (Duong et al., 2010). In an in vitro study of HBV infection, a decrease in phosphorylated, methylated, and acetylated cccDNA-bound histone H3 was found in HBx mutant HBV-infected cells, resulting in reduced replication, transcription, and antigen secretion of HBV (Table 1) (Luo et al., 2013). From those abovementioned studies, we cannot conclude the specific role of histone phosphorylation in the development of viral hepatitis. Histone phosphorylation often cooperates with other modifications to participate in the development of disease. There are few studies on the effect of hitone phosphorylation in viral hepatitis, and more studies are needed to explore the underlying mechanisms. In summary, acetylation, methylation and phosphorylation of histones participate in the process of viral replication, and affect the expression of specific genes of viruses as well as host cells. However, further studies are still needed to reveal the underlying mechanisms of histone modifications in viral hepatitis.
3.4 Autoimmune Liver Disease
Autoimmune liver diseases mainly comprise primary biliary cholangitis (PBC), autoimmune hepatitis (AIH), and primary sclerosing cholangitis (PSC) (Floreani et al., 2019). Till now, there lacks curative treatment for all three disorders (Carbone and Neuberger, 2014). Therefore, it is necessary to understand the underlying pathophysiological mechanisms and develop new therapies. PBC is characterized as the destruction of the primary bile ducts by antimitochondrial antibodies and autoreactive T cells (Hu et al., 2011). In PBC, the multifunctional signaling molecule β-Arrestins is crucial to T cell survival (Hu et al., 2011). β-Arrestin-1 promoted H4 acetylation in the promoter regions of LIGHT, CD40L, interleukin 17 (IL-17), and interferon-γ (IFNγ), while β-Arrestin-1 downregulated H4 acetylation in the promoter regions of HDAC7A, APO2, and TRAIL in autoreactive T cell line (Table 1) (Hu et al., 2011). Thus, under the regulation of histone modifications, overexpression of β-Arrestin-1 might contribute to the pathogenesis of PBC via increased T cell proliferation, augmented interferon production, downregulated activities of NF-κB and activating protein-1 (AP-1) (Hu et al., 2011). Besides, a recent study showed that H3K27ac and transcription factor ETS1 were increased at the promoter of the anti-apoptotic gene B-cell lymphoma-extra large (BCL-xL) during cholangiocyte senescence, which is important in PSC pathogenesis (Table 1; Figure 2) (O’hara et al., 2019). Cyclin-dependent kinase inhibitor 2A (CDKN2A) is a known tumor suppressor gene that inhibits cell growth and inhibits tumors (Padhi et al., 2017). Increased ETS1 and H3K4me3 at the CDKN2A promoter was also found in cholangiocyte senescence (Table 1; Figure 2) (O’hara et al., 2017). Therefore, increased H3K27ac and H3K4me3 upregulate the expression of genes which are crucial in cholangiocyte senescence, contributing to the development of PBC (Figure 3E). Together, there is little research on the mechanism of histone modification in autoimmune liver disease, and more research is urgently needed.
3.5 Drug-Induced Liver Injury
Drug-induced liver injury (DILI) is one of the most common causes of acute liver failure and is typically classified as direct, indirect, and idiosyncratic injury (Hoofnagle and Björnsson, 2019). Direct injury is generally caused by a high or cumulative dose of intrinsically toxic agents and is predictable (Hoofnagle and Björnsson, 2019). Nevertheless, indirect injury is caused by the action of the agents in the liver rather than by its toxicity or properties (Hoofnagle and Björnsson, 2019). The idiosyncratic injury occurs in rare cases following exposure to a therapeutic dose of agents with no intrinsic toxicity for a standard duration, and is often unpredictable (Krueger et al., 2014). The pathogenesis of DILI is not well understood. Covalent binding between macromolecules and drug metabolites, inhibition of the bile acid transport system, intracellular ion imbalance, mitochondrial respiratory dysfunction, oxidative stress and stimulation of the intrinsic immune system are reported to be involved in the pathogenesis of DILI (Lee et al., 2016; Hoppmann et al., 2020). Some other theories have suggested that the pathogenesis of DILI may also involve genetic polymorphism and epigenetic modifications (Krueger et al., 2014). A study of TAA-treated mice showed that the H3K9ac level was increased during the initial injury phase and decreased subsequently, which might count for the activation of stress-related genes (Table 1; Figure 2) (Sinha et al., 2016). Besides, H3K9me3 signal was found to increase after injury and maintained up for a short time, followed by a gradual decline, suggesting H3K9me3 might be responsible for the repression of some tress and metabolic-associated genes (Table 1; Figure 2) (Sinha et al., 2016). Moreover, H3S10ph was found absent in the injury phase but increased sharply in the regeneration phase, indicating that H3S10ph may play a critical role in liver regeneration after injury (Table 1; Figure 2) (Sinha et al., 2016). However, this study did not identify genes of which the expression was affected by histone modifications. In conclusion, little is known about the role of histone modification in DILI, and future studies need to address this issue.
3.6 Liver Fibrosis/Cirrhosis
Liver fibrosis and cirrhosis are the end-stage of all the above-mentioned CLDs (Roehlen et al., 2020). Excessive extracellular matrix (ECM) proteins deposition due to increased synthesis and decreased degradation eventually leads to scar tissue formation, liver fibrosis, and liver cirrhosis (Mahdinloo et al., 2020). Activated hepatic stellate cells (HSCs) are identified as the major ECM-producing cells in injured liver (Bataller and Brenner, 2005). Besides, hepatocytes, LSECs, Kupffer cells, cholangiocytes and recruited cell types (e.g., bone-marrow recruited macrophages) also contribute to liver fibrosis (Kisseleva and Brenner, 2021; Qing et al., 2021). The mechanisms of liver fibrosis and cirrhosis are complex, involving different cells, signaling pathways, and liver microenvironment. Nevertheless, the development of epigenetic research has uncovered the role of histone modifications in liver fibrosis and cirrhosis.
3.6.1 Histone Acetylation in Liver Fibrosis/Cirrhosis
Previous studies have demonstrated that H3K9 acetylation on the promoter of TNFα and epidermal growth factor receptor (EGFR) increases MYC (the super-transcription factor) and cyclin D1 (the cell cycle regulator) expression (Yang et al., 2014; Sarr et al., 2016; Zheng et al., 2020). These changes subsequently activate HSCs, promoting the development of liver fibrosis (Table 1) (Yang et al., 2014; Sarr et al., 2016; Zheng et al., 2020). These studies suggest that H3K9 acetylation contributes to fibrogenesis, while the signaling pathway between the H3K9ac-upregulated gene expression and the resulting HSC activation is not well characterized. Besides, increased levels of H3K27ac in active HSCs were found at regulatory elements and enhancers of the AP-1 motif (TGACTCA), which is a known driver of HSC activation (Liu et al., 2020). Moreover, increased H3K27ac level at regulatory elements of Collagen 1α1 (Col1α1) and Collagen 1α2 (Col1α2) and enhancers of the transcriptional enhanced associate domain (TEAD) and NF-κB motifs were also observed in active HSCs (Table 1) (Liu et al., 2020). TEAD, a transcription factor, integrates and coordinates multiple signal transduction pathways, including EGFR and transforming growth factor beta (TGF-β) signaling pathways (Huh et al., 2019). Moreover, TGF-β and synectin (known as GIPC) were found to promote HSC activation and migration (Yaqoob et al., 2020). TGF-β and GIPC treatment increased H3K27 acetylation and decreased H3K27 trimethylation at the promoter of the insulin-like growth factor binding protein-3 (IGFBP-3), which is involved in cellular differentiation and migration, in HSCs (Yaqoob et al., 2020; Chao et al., 2021). These results suggest that H3K27 acetylation plays an important role in collagen deposition, inflammatory response, and HSC activation and migration during liver fibrosis via upregulating the abovementioned genes and possibly involving EGFR and TGFβ signaling pathways. BRD4 is a reader of H3K27ac, and BRD4 is highly enriched at enhancers of profibrotic genes of activated HSCs (Table 1; Figure 2) (Ding et al., 2015). Thus, BRD4 inhibitor JQ1 could attenuate liver fibrosis in a carbon tetrachloride (CCl4)-induced fibrotic murine model (Ding et al., 2015). On the contrary, the acetylation of H4 at the antifibrogenic factor PPARγ gene was depleted during liver cirrhosis (Rodríguez-Aguilera et al., 2018). Treatment with a histone deacetylase inhibitor, valproic acid (VPA), increased histone H4 acetylation and inhibited proliferation of primary murine HSCs (Mannaerts et al., 2010). Besides, inhibition of HDAC2 was also found to reduce liver fibrosis in a minipig NASH model (Table 1; Figure 2) (Zhang et al., 2021). Collectively, it seems that the pro-fibrosis genes are usually accompanied by the activation of histone acetylation, while the anti-fibrosis genes are often shown as the absence of acetylation in the process of liver fibrosis (Alonso-Merino et al., 2016). Interestingly, a previous study found that liver injury in male ancestors reduces liver fibrogenesis in F2 male offspring (Zeybel et al., 2012). This intergenerational adaptation is attributed to heritable reprogramming of histone H3 acetylation in PPARγ and TGF-β1 (Zeybel et al., 2012). However, prospective epigenetic studies in families with liver disease are required to test this hypothesis. Apart from the effect of histone acetylation on gene expression, a recent study pointed out that histone acetylation could also regulate the expression of miRNAs in HSCs (Lu et al., 2019).
LSECs are another kind of specialized endothelial cell in the liver. p300/NFκB/BRD4 protein complex promoted CCL2 transcription via increasing H3K27ac at enhancer and promoter regions in LSECs (Table 1; Figure 2) (Gao et al., 2021). LSEC-specific p300 deletion or BRD4 inhibitor could significantly attenuate macrophage infiltration and liver fibrosis (Gao et al., 2021). Altogether, it seems that activation of histone acetylation in liver cells increases expression of pro-inflammatory and pro-fibrotic genes, leading to the progression of liver fibrosis (Figure 3F).
3.6.2 Histone Methylation in Liver Fibrosis/Cirrhosis
During the transdifferentiating process of HSCs, fibrogenic genes such as alpha-smooth muscle actin (αSMA), tissue inhibitor of metalloproteinase-1 (TIMP1), collagen I, and TGF-β1 were upregulated via ASH1 mediated hypermethylation of H3K4 (Table 1; Figure 2) (Perugorria et al., 2012). This suggests that H3K4 methylation is important for the transformation of HSC into myofibroblasts. In general, multiple sites of histone methylation modify together to regulate gene expression. For example, the TGF-β overexpression in the bile duct ligation model of rats was accompanied by upregulated levels of active transcription marks (H3K4me1, H3K4me2, and H3K4me3) and reduced levels of suppressive marks (H3K9me2 and H3K9me3) in the promoter of TGF-β (Sheen-Chen et al., 2014). Apart from the abovementioned genes, multiple genes are regulated by histone methylation during liver fibrosis. H3K27me3, a transcripton silencing mark, was enriched in the promoter of the antifibrogenic factor PPARγ in rats with liver fibrosis, and it was associated with the progression of liver disease (Table 1) (Zeybel et al., 2012). Besides, the Hypoxia-inducible factor-1 (HIF-1) transcriptional complex was associated with an increased level of transcription activating mark H3K4me3 (Hong et al., 2018). This increased H3K4me3 is related to HIF-1 nuclear transport, autophagosome formation, and activation of HSC in vitro (Table 1) (Hong et al., 2018). Moreover, enhanced autophagy in homocysteine (Hcy)-treated hepatocytes was mediated by reduced expression of cystic fibrosis transmembrane conductance regulator (CFTR). Likewise, CFTR was regulated by the increased H3K27me3 level at the CFTR promoter, which was catalyzed by histone methyltransferase zeste homolog 2 (EZH2) (Table 1; Figure 2) (Yang et al., 2018). Altogether, histone methylation of histones permits the expression of fibrogenic genes and inhibits the expression of protective genes, promoting the progression of liver fibrosis (Figure 3F).
3.6.3 Other Histone Modifications in Liver Fibrosis/Cirrhosis
Currently, there are few studies on the role of histone phosphorylation in liver fibrosis, but the changes and functions of histone phosphorylation in the above-mentioned CLDs might also work for liver fibrosis. Nevertheless, histone ubiquitination may be involved in the process of liver fibrosis. It is known that monoubiquitination of H2A and H2B can influence the methylation state of histone H3, regulating the activation or repression of gene expression, which suggests that histone ubiquitination can indirectly regulate disease progression via crosstalk with H3 methylation (Li et al., 2017). Besides, ring finger protein 20 (RNF20), also known as E3 ubiquitin-protein ligase BRE1A, has been demonstrated to inactivate IL-6, TNF-α, VEGFA, α-SMA as well as collagen I and alleviate liver fibrosis via ubiquitination of H2BK120 (H2BK120ub) in vitro and in vivo (Table 1; Figure 2) (Chen et al., 2021). These results imply that ubiquitination of H2B may play a protective role in liver fibrosis, while the underline mechanisms need further investigation. BRCA1-Associated Protein 1 (BAP1) is a major tumor suppressor and belongs to the deubiquitinase superfamily (Masclef et al., 2021). BAP1 mutations were discovered in intrahepatic cholangiocarcinoma and hepatocellular carcinoma (Masclef et al., 2021). Moreover, a previous study assumed that BAP1 modulated gene expression by inhibiting H2A ubiquitination, and BAP1 inactivation led to apoptosis of fibroblasts and liver tissue in mice (Table 1; Figure 2) (He et al., 2019). Therefore, there might be a possibility that H2A ubiquitination plays a role in tumorigenesis. However, this hypothesis requires multiple studies to explore the ordered molecular events leading to malignant transformation after BAP1 inactivation. Taken together, acetylation, methylation, and ubiquitination of histones contribute to liver fibrosis and cirrhosis by inhibiting the transcription of protective genes and activating the pro-inflammatory and fibrogenic genes (Figure 3F). However, further studies are still needed to reveal the specific histone modifications at relevant genes and their corresponding enzymes to develop potential drugs.
4 THERAPEUTIC OPPORTUNITIES
4.1 Lifestyle Changes
It was reported that physical exercises and lifestyle changes could gradually modulate and reverse the epigenetic changes (Sodum et al., 2021). Besides, the Mediterranean diet, which is characterized by reduced carbohydrate intake and increased omega-3 and monounsaturated fatty acid intake, is the most recommended dietary pattern for MAFLD (Romero-Gómez et al., 2017). Therefore, at the early stages of liver diseases, lifestyle changes and physical exercises might be the future advancements in treating metabolic disorders.
4.2 Potential Targets
Histone modifications depend primarily on the substrates, writers, erasers, and readers. Therefore, the acetyl-donor, methyl-donor, HDACs, HACs, HMTs, HDMTs, and the “readers” all can act as the potential target for the treatment of CLDs (Tables 1, 2 and Figures 2, 3). The existing studies on histone modification are mainly aimed at malignant diseases such as liver cancer, and there are few studies on the therapeutic effects of benign liver diseases. Acetyl-CoA was the acetyl-donor in the histone acetylation reaction. Pyruvate dehydrogenase complex (PDHC) and lactate dehydrogenase (LDH) would translocate to the nucleus and increase the nuclear concentrations of acetyl-CoA (Ferriero et al., 2018). Acetyl-CoA subsequently, results in hyper-acetylation of histone H3 and promotes the expression of damage response genes (Ferriero et al., 2018). Besides, treatment with the LDH inhibitor alleviated liver damage and improved survival in hepatotoxins induced acute liver failure (Ferriero et al., 2018). Therefore, the LDH inhibitor, which reduced the acetyl-donor, maybe a new target for the treatment of CLDs. SIRT1, which belongs to HDAC III, enhances HBV replication by targeting the transcription factor AP-1 (Li et al., 2016). The SIRT1 inhibitor nicotinamide inhibits HBV replication both in vitro and in vivo (Li et al., 2016). Moreover, HDAC III inhibitor treatment was reported to block HCV replication in a mouse model (Zhou et al., 2018). These studies imply that HDAC III inhibitor may be a new treatment strategy for viral hepatitis. Interestingly, SIRT1 is downregulated during organ injury and aging-associated fibrosis (Han et al., 2021), which means SIRT1 can also be a new therapeutic target in liver fibrosis. Chromatin reader BRD4 is the reader of H3K27ac, and the BRD4 inhibitor iBET-151 could ameliorate hepatic inflammation and liver injuries in CCl4-induced acute liver injury and alcoholic hepatitis (Gao et al., 2021; Liu et al., 2021). Therefore, the histone acetylation readers could also be a potential target for the treatment of CLD. In short, the regulation of histone acetylation can be a promising direction for the treatment of CLDs (Tables 1, 2 and Figures 2, 3).
TABLE 2 | Summary of potential therapeutic targets and the corresponding clinical approved/non-approved drugs.
[image: Table 2]As we mentioned before, SAM, the methy-donor, can attenuate the alcohol-induced liver injury (Bardag-Gorce et al., 2010), suggesting that the SAM supplement can be a novel treatment for ALD. EZH2 specifically catalyzes the methylation of H3K27, which results in chromatin compaction and gene silencing (Lim and Kim, 2020). It has been proved that EZH2 plays a critical role in liver inflammation and liver fibrosis and eventually drives MAFLD progression (Lim and Kim, 2020). EZH2 inhibitor (DZNep) was found to inhibit multiple histone methylation and was sufficient to suppress liver fibrosis by modulating histone methylation of HSC in a mouse model (Zeybel et al., 2017). Moreover, the demethylase JMJD3 has a similar effect as the DZNep (Jiang et al., 2021). Therefore, the HMTs and HDMTs, which regulate the methylation of histones, can be new targets for the treatment of liver fibrosis (Tables 1, 2; Figures 2, 3). However, few studies focus on histone phosphorylation as a treatment in CLD, and more preclinical studies are needed in the future.
Inspiringly, several drugs such as belinostat, abexinostat, romidepsin, and vorinostat were ongoing for the treatment of T-cell lymphoma, and panobinostat for multiple myeloma (Yeo et al., 2012; Eckschlager et al., 2017). However, because of the non-significant efficacy and the certain toxic and side effects, these drugs are generally used in combination with other chemotherapy drugs (Eckschlager et al., 2017; Takebe et al., 2019; Shetty et al., 2021). In the context of CLDs, the lack of deep mechanism studies and well-designed clinical trials impedes the application of histone modification inhibitors in CLD.
5 CURRENT CHALLENGES AND PROSPECTS
We summarized the current findings of histone modifications in CLDs in Tables 1, 2 and Figures 2, 3. Apart from the abovementioned observations, there are still some issues that remain unclear and need further studies. 1) The previous studies found that histone modifications play a pivotal role in the occurrence and progression of CLDs, and the modifications can be inherited or produce intergenerational adaptation. However, the transgenerational and epigenetic mechanisms in CLD need to be verified by more prospective population studies. 2) In a specific disease, different sites of histone modifications play different roles, and the cumulative effect of multiple histone modifications ultimately evokes the transcriptional activity of a gene. Besides, the histone modifications collaborate with transcription factors and “readers” to determine the transcription of target genes. Therefore, it is challenging to clarify the effect of a particular modification on the development of CLDs. 3) Many proteins regulate and interpret the PTMs, including readers, writers, and erasers. The specific inhibitors that targeting these proteins might serve as therapeutic agents for ALD. However, these PTMs regulatory proteins could modify histone modifications in dozens of genes without specificity. The off-target effect should be avoided while developing the inhibitor targeting these proteins. 4) The hepatocytes, HSCs, LSECs, Kupffer cells, and cholangiocytes in the liver cooperatively regulate hepatic function and contribute to CLDs. The complex of histone modifications in liver cells and their cross-talk also deserves to be manifested in the future. The single-cell sequencing, chromatin immunoprecipitation sequencing, and other advanced molecular technologies might provide tools for us to explore the mechanism underlying histone modification in CLDs.
In conclusion, histone modifications are one of the most revolutionary targets in the treatment of various human diseases. Histone modifications, different from genetic mutations, are reversible and can be pharmacologically modulated. Some epigenetic drugs have been approved for clinical use, and several compounds are currently in stages of preclinical drug development. Thus, selectively tissue-targeted drugs with low toxicity and high efficacy are required to completely reverse CLDs and prevent the development of liver cirrhosis and malignancy.
AUTHOR CONTRIBUTIONS
HW and JG designed and coordinated the study; QC, CG, CT, and JG analyzed articles and finalized the figures. QC, CG, HW, and JH wrote the manuscript.
FUNDING
This work was supported by the National Natural Science Fund of China (82170623, 82170625, U1702281, 81873584, 82000613, and 82000574), National Key R&D Program of China (2017YFA0205404), Sichuan Science and Technology Program (2020YJ0084 and 2021YFS0147), and the 135 projects for disciplines of excellence of West China Hospital, Sichuan University (ZYGD18004).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Aagaard-Tillery, K. M., Grove, K., Bishop, J., Ke, X., Fu, Q., Mcknight, R., et al. (2008). Developmental Origins of Disease and Determinants of Chromatin Structure: Maternal Diet Modifies the Primate Fetal Epigenome. J. Mol. Endocrinol. 41, 91–102. doi:10.1677/JME-08-0025
 Abdelmalek, M. F. (2021). Nonalcoholic Fatty Liver Disease: Another Leap Forward. Nat. Rev. Gastroenterol. Hepatol. 18, 85–86. doi:10.1038/s41575-020-00406-0
 Alarcon, V., Hernández, S., Rubio, L., Alvarez, F., Flores, Y., Varas-Godoy, M., et al. (2016). The Enzymes LSD1 and Set1A Cooperate with the Viral Protein HBx to Establish an Active Hepatitis B Viral Chromatin State. Sci. Rep. 6, 25901. doi:10.1038/srep25901
 Alaskhar Alhamwe, B., Khalaila, R., Wolf, J., von Bülow, V., Harb, H., Alhamdan, F., et al. (2018). Histone Modifications and Their Role in Epigenetics of Atopy and Allergic Diseases. Allergy Asthma Clin. Immunol. 14, 39. doi:10.1186/s13223-018-0259-4
 Allan, J., Hartman, P. G., Crane-Robinson, C., and Aviles, F. X. (1980). The Structure of Histone H1 and its Location in Chromatin. Nature 288, 675–679. doi:10.1038/288675a0
 Allis, C. D., and Jenuwein, T. (2016). The Molecular Hallmarks of Epigenetic Control. Nat. Rev. Genet. 17, 487–500. doi:10.1038/nrg.2016.59
 Alonso-Merino, E., Martín Orozco, R., Ruíz-Llorente, L., Martínez-Iglesias, O. A., Velasco-Martín, J. P., Montero-Pedrazuela, A., et al. (2016). Thyroid Hormones Inhibit TGF-β Signaling and Attenuate Fibrotic Responses. Proc. Natl. Acad. Sci. U S A. 113, E3451–E3460. doi:10.1073/pnas.1506113113
 Apweiler, R., Bairoch, A., Wu, C. H., Barker, W. C., Boeckmann, B., Ferro, S., et al. (2004). UniProt: the Universal Protein Knowledgebase. Nucleic Acids Res. 45, D158–d169. doi:10.1093/nar/gkh131
 Ara, A. I., Xia, M., Ramani, K., Mato, J. M., and Lu, S. C. (2008). S-adenosylmethionine Inhibits Lipopolysaccharide-Induced Gene Expression via Modulation of Histone Methylation. Hepatology 47, 1655–1666. doi:10.1002/hep.22231
 Aroor, A. R., James, T. T., Jackson, D. E., and Shukla, S. D. (2010). Differential Changes in MAP Kinases, Histone Modifications, and Liver Injury in Rats Acutely Treated with Ethanol. Alcohol. Clin. Exp. Res. 34, 1543–1551. doi:10.1111/j.1530-0277.2010.01239.x
 Ausio, J., Dong, F., and Van Holde, K. E. (1989). Use of Selectively Trypsinized Nucleosome Core Particles to Analyze the Role of the Histone "tails" in the Stabilization of the Nucleosome. J. Mol. Biol. 206, 451–463. doi:10.1016/0022-2836(89)90493-2
 Bajaj, J. S. (2019). Alcohol, Liver Disease and the Gut Microbiota. Nat. Rev. Gastroenterol. Hepatol. 16, 235–246. doi:10.1038/s41575-018-0099-1
 Bannister, A. J., and Kouzarides, T. (2011). Regulation of Chromatin by Histone Modifications. Cell Res 21, 381–395. doi:10.1038/cr.2011.22
 Bardag-Gorce, F., French, B. A., Joyce, M., Baires, M., Montgomery, R. O., Li, J., et al. (2007). Histone Acetyltransferase P300 Modulates Gene Expression in an Epigenetic Manner at High Blood Alcohol Levels. Exp. Mol. Pathol. 82, 197–202. doi:10.1016/j.yexmp.2006.10.006
 Bardag-Gorce, F., Li, J., Oliva, J., Lu, S. C., French, B. A., and French, S. W. (2010). The Cyclic Pattern of Blood Alcohol Levels during Continuous Ethanol Feeding in Rats: the Effect of Feeding S-Adenosylmethionine. Exp. Mol. Pathol. 88, 380–387. doi:10.1016/j.yexmp.2010.03.004
 Bardag-Gorce, F., Oliva, J., Dedes, J., Li, J., French, B. A., and French, S. W. (2009). Chronic Ethanol Feeding Alters Hepatocyte Memory Which Is Not Altered by Acute Feeding. Alcohol. Clin. Exp. Res. 33, 684–692. doi:10.1111/j.1530-0277.2008.00885.x
 Bataller, R., and Brenner, D. A. (2005). Liver Fibrosis. J. Clin. Invest. 115, 209–218. doi:10.1172/JCI24282
 Bates, S. E. (2020). Epigenetic Therapies for Cancer. N. Engl. J. Med. 383, 650–663. doi:10.1056/NEJMra1805035
 Becares, N., Gage, M. C., Voisin, M., Shrestha, E., Martin-Gutierrez, L., Liang, N., et al. (2019). Impaired LXRα Phosphorylation Attenuates Progression of Fatty Liver Disease. Cell Rep 26, 984–e6. doi:10.1016/j.celrep.2018.12.094
 Benevolenskaya, E. V. (2007). Histone H3K4 Demethylases Are Essential in Development and Differentiation. Biochem. Cel Biol 85, 435–443. doi:10.1139/O07-057
 Black, J. C., Van Rechem, C., and Whetstine, J. R. (2012). Histone Lysine Methylation Dynamics: Establishment, Regulation, and Biological Impact. Mol. Cel 48, 491–507. doi:10.1016/j.molcel.2012.11.006
 Blanc, R. S., and Richard, S. (2017). Arginine Methylation: The Coming of Age. Mol. Cel 65, 8–24. doi:10.1016/j.molcel.2016.11.003
 Bricambert, J., Alves-Guerra, M. C., Esteves, P., Prip-Buus, C., Bertrand-Michel, J., Guillou, H., et al. (2018). The Histone Demethylase Phf2 Acts as a Molecular Checkpoint to Prevent NAFLD Progression during Obesity. Nat. Commun. 9, 2092. doi:10.1038/s41467-018-04361-y
 Cai, C., Yu, H., Huang, G., Du, X., Yu, X., Zhou, Y., et al. (2018). Histone Modifications in Fatty Acid Synthase Modulated by Carbohydrate Responsive Element Binding Protein Are Associated with Non-alcoholic F-atty L-iver D-isease. Int. J. Mol. Med. 42, 1215–1228. doi:10.3892/ijmm.2018.3702
 Cai, L. Y., Chen, S. J., Xiao, S. H., Sun, Q. J., Ding, C. H., Zheng, B. N., et al. (2021). Targeting P300/CBP Attenuates Hepatocellular Carcinoma Progression through Epigenetic Regulation of Metabolism. Cancer Res. 81, 860–872. doi:10.1158/0008-5472.CAN-20-1323
 Cao, S., Liu, M., Sehrawat, T. S., and Shah, V. H. (2021). Regulation and Functional Roles of Chemokines in Liver Diseases. Nat. Rev. Gastroenterol. Hepatol . doi:10.1038/s41575-021-00444-2
 Carbone, M., and Neuberger, J. M. (2014). Autoimmune Liver Disease, Autoimmunity and Liver Transplantation. J. Hepatol. 60, 210–223. doi:10.1016/j.jhep.2013.09.020
 Chang, B., Chen, Y., Zhao, Y., and Bruick, R. K. (2007). JMJD6 Is a Histone Arginine Demethylase. Science 318, 444–447. doi:10.1126/science.1145801
 Chao, C. C., Lee, W. F., Yang, W. H., Lin, C. Y., Han, C. K., Huang, Y. L., et al. (2021). IGFBP-3 Stimulates Human Osteosarcoma Cell Migration by Upregulating VCAM-1 Expression. Life Sci. 265, 118758. doi:10.1016/j.lfs.2020.118758
 Chen, L., Huang, W., Wang, L., Zhang, Z., Zhang, F., Zheng, S., et al. (2020). The Effects of Epigenetic Modification on the Occurrence and Progression of Liver Diseases and the Involved Mechanism. Expert Rev. Gastroenterol. Hepatol. 14, 259–270. doi:10.1080/17474124.2020.1736042
 Chen, S., Dai, X., Li, H., Gong, Y., Zhao, Y., and Huang, H. (2021). Overexpression of Ring finger Protein 20 Inhibits the Progression of Liver Fibrosis via Mediation of Histone H2B Lysine 120 Ubiquitination. Hum. Cel 34, 759–770. doi:10.1007/s13577-021-00498-z
 Chenarani, N., Emamjomeh, A., Allahverdi, A., Mirmostafa, S., Afsharinia, M. H., and Zahiri, J. (2021). Bioinformatic Tools for DNA Methylation and Histone Modification: A Survey. Genomics 113, 1098–1113. doi:10.1016/j.ygeno.2021.03.004
 Chung, S., Hwang, J. T., Park, J. H., and Choi, H. K. (2019). Free Fatty Acid-Induced Histone Acetyltransferase Activity Accelerates Lipid Accumulation in HepG2 Cells. Nutr. Res. Pract. 13, 196–204. doi:10.4162/nrp.2019.13.3.196
 Clements, A., Poux, A. N., Lo, W. S., Pillus, L., Berger, S. L., and Marmorstein, R. (2003). Structural Basis for Histone and Phosphohistone Binding by the GCN5 Histone Acetyltransferase. Mol. Cel 12, 461–473. doi:10.1016/s1097-2765(03)00288-0
 Collins, B. E., Greer, C. B., Coleman, B. C., and Sweatt, J. D. (2019). Histone H3 Lysine K4 Methylation and its Role in Learning and Memory. Epigenetics Chromatin 12, 7. doi:10.1186/s13072-018-0251-8
 Daskalaki, M. G., Tsatsanis, C., and Kampranis, S. C. (2018). Histone Methylation and Acetylation in Macrophages as a Mechanism for Regulation of Inflammatory Responses. J. Cel Physiol 233, 6495–6507. doi:10.1002/jcp.26497
 Decaprio, J., and Kohl, T. O. (2020). Chromatin Immunoprecipitation. Cold Spring Harb Protoc. 2020, 098665. doi:10.1101/pdb.prot098665
 Ding, N., Hah, N., Yu, R. T., Sherman, M. H., Benner, C., Leblanc, M., et al. (2015). BRD4 Is a Novel Therapeutic Target for Liver Fibrosis. Proc. Natl. Acad. Sci. U S A. 112, 15713–15718. doi:10.1073/pnas.1522163112
 Du, X., Cai, C., Yao, J., Zhou, Y., Yu, H., and Shen, W. (2017). Histone Modifications in FASN Modulated by Sterol Regulatory Element-Binding Protein 1c and Carbohydrate Responsive-Element Binding Protein under Insulin Stimulation Are Related to NAFLD. Biochem. Biophys. Res. Commun. 483, 409–417. doi:10.1016/j.bbrc.2016.12.129
 Duong, F. H., Christen, V., Lin, S., and Heim, M. H. (2010). Hepatitis C Virus-Induced Up-Regulation of Protein Phosphatase 2A Inhibits Histone Modification and DNA Damage Repair. Hepatology 51, 741–751. doi:10.1002/hep.23388
 Eckschlager, T., Plch, J., Stiborova, M., and Hrabeta, J. (2017). Histone Deacetylase Inhibitors as Anticancer Drugs. Int. J. Mol. Sci. 18. doi:10.3390/ijms18071414
 Edmondson, D. G., Davie, J. K., Zhou, J., Mirnikjoo, B., Tatchell, K., and Dent, S. Y. (2002). Site-specific Loss of Acetylation upon Phosphorylation of Histone H3. J. Biol. Chem. 277, 29496–29502. doi:10.1074/jbc.M200651200
 El Mansouri, F. E., Chabane, N., Zayed, N., Kapoor, M., Benderdour, M., Martel-Pelletier, J., et al. (2011). Contribution of H3K4 Methylation by SET-1A to Interleukin-1-Induced Cyclooxygenase 2 and Inducible Nitric Oxide Synthase Expression in Human Osteoarthritis Chondrocytes. Arthritis Rheum. 63, 168–179. doi:10.1002/art.27762
 Eslam, M., Sanyal, A. J., and George, J. (2020). MAFLD: A Consensus-Driven Proposed Nomenclature for Metabolic Associated Fatty Liver Disease. Gastroenterology 158, 1999–e1.e1991. doi:10.1053/j.gastro.2019.11.312
 Eslam, M., Valenti, L., and Romeo, S. (2018). Genetics and Epigenetics of NAFLD and NASH: Clinical Impact. J. Hepatol. 68, 268–279. doi:10.1016/j.jhep.2017.09.003
 Ferriero, R., Nusco, E., De Cegli, R., Carissimo, A., Manco, G., and Brunetti-Pierri, N. (2018). Pyruvate Dehydrogenase Complex and Lactate Dehydrogenase Are Targets for Therapy of Acute Liver Failure. J. Hepatol. 69, 325–335. doi:10.1016/j.jhep.2018.03.016
 Flecken, T., Meier, M. A., Skewes-Cox, P., Barkan, D. T., Heim, M. H., Wieland, S. F., et al. (2019). Mapping the Heterogeneity of Histone Modifications on Hepatitis B Virus DNA Using Liver Needle Biopsies Obtained from Chronically Infected Patients. J. Virol. 93. doi:10.1128/JVI.02036-18
 Floreani, A., De Martin, S., Secchi, M. F., and Cazzagon, N. (2019). Extrahepatic Autoimmunity in Autoimmune Liver Disease. Eur. J. Intern. Med. 59, 1–7. doi:10.1016/j.ejim.2018.10.014
 Fontecave, M., Atta, M., and Mulliez, E. (2004). S-adenosylmethionine: Nothing Goes to Waste. Trends Biochem. Sci. 29, 243–249. doi:10.1016/j.tibs.2004.03.007
 Fyodorov, D. V., Zhou, B. R., Skoultchi, A. I., and Bai, Y. (2018). Emerging Roles of Linker Histones in Regulating Chromatin Structure and Function. Nat. Rev. Mol. Cel Biol 19, 192–206. doi:10.1038/nrm.2017.94
 Gajer, J. M., Furdas, S. D., Gründer, A., Gothwal, M., Heinicke, U., Keller, K., et al. (2015). Histone Acetyltransferase Inhibitors Block Neuroblastoma Cell Growth In Vivo. Oncogenesis 4, e137. doi:10.1038/oncsis.2014.51
 Gao, J., Wei, B., Liu, M., Hirsova, P., Sehrawat, T. S., Cao, S., et al. (2021). Endothelial P300 Promotes Portal Hypertension and Hepatic Fibrosis through C-C Motif Chemokine Ligand 2-Mediated Angiocrine Signaling. Hepatology 73, 2468–2483. doi:10.1002/hep.31617
 Gong, F., and Miller, K. M. (2019). Histone Methylation and the DNA Damage Response. Mutat. Res. 780, 37–47. doi:10.1016/j.mrrev.2017.09.003
 Greer, E. L., and Shi, Y. (2012). Histone Methylation: a Dynamic Mark in Health, Disease and Inheritance. Nat. Rev. Genet. 13, 343–357. doi:10.1038/nrg3173
 Gu, Y., Wang, X., Liu, H., Li, G., Yu, W., and Ma, Q. (2018). SET7/9 Promotes Hepatocellular Carcinoma Progression through Regulation of E2F1. Oncol. Rep. 40, 1863–1874. doi:10.3892/or.2018.6621
 Guccione, E., and Richard, S. (2019). The Regulation, Functions and Clinical Relevance of Arginine Methylation. Nat. Rev. Mol. Cel Biol 20, 642–657. doi:10.1038/s41580-019-0155-x
 Guo, P., Chen, W., Li, H., Li, M., and Li, L. (2018). The Histone Acetylation Modifications of Breast Cancer and Their Therapeutic Implications. Pathol. Oncol. Res. 24, 807–813. doi:10.1007/s12253-018-0433-5
 Guo, R., Xu, X., Babcock, S. A., Zhang, Y., and Ren, J. (2015). Aldehyde Dedydrogenase-2 Plays a Beneficial Role in Ameliorating Chronic Alcohol-Induced Hepatic Steatosis and Inflammation through Regulation of Autophagy. J. Hepatol. 62, 647–656. doi:10.1016/j.jhep.2014.10.009
 Guo, R., Zhong, L., and Ren, J. (2009). Overexpression of Aldehyde Dehydrogenase-2 Attenuates Chronic Alcohol Exposure-Induced Apoptosis, Change in Akt and Pim Signalling in Liver. Clin. Exp. Pharmacol. Physiol. 36, 463–468. doi:10.1111/j.1440-1681.2009.05152.x
 Han, T. S., Ban, H. S., Hur, K., and Cho, H. S. (2018). The Epigenetic Regulation of HCC Metastasis. Int. J. Mol. Sci. 19. doi:10.3390/ijms19123978
 Han, X., Ding, C., Sang, X., Peng, M., Yang, Q., Ning, Y., et al. (2021). Targeting Sirtuin1 to Treat Aging-Related Tissue Fibrosis: From Prevention to Therapy. Pharmacol. Ther. , 107983. doi:10.1016/j.pharmthera.2021.107983
 Harada, A., Kimura, H., and Ohkawa, Y. (2021). Recent advance in Single-Cell Epigenomics. Curr. Opin. Struct. Biol. 71, 116–122. doi:10.1016/j.sbi.2021.06.010
 Harada, A., Maehara, K., Handa, T., Arimura, Y., Nogami, J., Hayashi-Takanaka, Y., et al. (2019). A Chromatin Integration Labelling Method Enables Epigenomic Profiling with Lower Input. Nat. Cel Biol 21, 287–296. doi:10.1038/s41556-018-0248-3
 Hardy, T., and Mann, D. A. (2016). Epigenetics in Liver Disease: from Biology to Therapeutics. Gut 65, 1895–1905. doi:10.1136/gutjnl-2015-311292
 He, M., Chaurushiya, M. S., Webster, J. D., Kummerfeld, S., Reja, R., Chaudhuri, S., et al. (2019). Intrinsic Apoptosis Shapes the Tumor Spectrum Linked to Inactivation of the Deubiquitinase BAP1. Science 364, 283–285. doi:10.1126/science.aav4902
 Hlady, R. A., Zhao, X., El Khoury, L. Y., Luna, A., Pham, K., Wu, Q., et al. (2021). Interferon Drives Hepatitis C Virus Scarring of the Epigenome and Creates Targetable Vulnerabilities Following Viral Clearance. Hepatology . doi:10.1002/hep.32111
 Hong, F., Wan, L., Liu, J., Huang, K., Xiao, Z., Zhang, Y., et al. (2018). Histone Methylation Regulates Hif-1 Signaling cascade in Activation of Hepatic Stellate Cells. FEBS Open Bio 8, 406–415. doi:10.1002/2211-5463.12379
 Hoofnagle, J. H., and Björnsson, E. S. (2019). Drug-Induced Liver Injury - Types and Phenotypes. N. Engl. J. Med. 381, 264–273. doi:10.1056/NEJMra1816149
 Hoppmann, N. A., Gray, M. E., and Mcguire, B. M. (2020). Drug-Induced Liver Injury in the Setting of Chronic Liver Disease. Clin. Liver Dis. 24, 89–106. doi:10.1016/j.cld.2019.09.006
 Hu, Z., Huang, Y., Liu, Y., Sun, Y., Zhou, Y., Gu, M., et al. (2011). β-Arrestin 1 Modulates Functions of Autoimmune T Cells from Primary Biliary Cirrhosis Patients. J. Clin. Immunol. 31, 346–355. doi:10.1007/s10875-010-9492-4
 Huang, S., Wang, Z., Zhou, J., Huang, J., Zhou, L., Luo, J., et al. (2019). EZH2 Inhibitor GSK126 Suppresses Antitumor Immunity by Driving Production of Myeloid-Derived Suppressor Cells. Cancer Res. 79, 2009–2020. doi:10.1158/0008-5472.CAN-18-2395
 Huber, L. C., Brock, M., Hemmatazad, H., Giger, O. T., Moritz, F., Trenkmann, M., et al. (2007). Histone Deacetylase/acetylase Activity in Total Synovial Tissue Derived from Rheumatoid Arthritis and Osteoarthritis Patients. Arthritis Rheum. 56, 1087–1093. doi:10.1002/art.22512
 Huh, H. D., Kim, D. H., Jeong, H. S., and Park, H. W. (2019). Regulation of TEAD Transcription Factors in Cancer Biology. Cells 8. doi:10.3390/cells8060600
 Hyun, K., Jeon, J., Park, K., and Kim, J. (2017). Writing, Erasing and reading Histone Lysine Methylations. Exp. Mol. Med. 49, e324. doi:10.1038/emm.2017.11
 Ipsen, D. H., Lykkesfeldt, J., and Tveden-Nyborg, P. (2018). Molecular Mechanisms of Hepatic Lipid Accumulation in Non-alcoholic Fatty Liver Disease. Cell Mol Life Sci 75, 3313–3327. doi:10.1007/s00018-018-2860-6
 Irshad, M., Mankotia, D. S., and Irshad, K. (2013). An Insight into the Diagnosis and Pathogenesis of Hepatitis C Virus Infection. World J. Gastroenterol. 19, 7896–7909. doi:10.3748/wjg.v19.i44.7896
 Jenke, A. C., Hensel, K. O., Klein, A., Willuhn, L., Prax, S., Weil, P. P., et al. (2014). Restitution of Gene Expression and Histone Acetylation Signatures Altered by Hepatitis B Virus through Antiviral microRNA-like Molecules in Nontransformed Murine Hepatocytes. Clin. Epigenetics 6, 26. doi:10.1186/1868-7083-6-26
 Jiang, Y., Xiang, C., Zhong, F., Zhang, Y., Wang, L., Zhao, Y., et al. (2021). Histone H3K27 Methyltransferase EZH2 and Demethylase JMJD3 Regulate Hepatic Stellate Cells Activation and Liver Fibrosis. Theranostics 11, 361–378. doi:10.7150/thno.46360
 Kamakaka, R. T., and Biggins, S. (2005). Histone Variants: Deviants?Genes Dev. 19, 295–310. doi:10.1101/gad.1272805
 Karanth, A. V., Maniswami, R. R., Prashanth, S., Govindaraj, H., Padmavathy, R., Jegatheesan, S. K., et al. (2017). Emerging Role of SETDB1 as a Therapeutic Target. Expert Opin. Ther. Targets 21, 319–331. doi:10.1080/14728222.2017.1279604
 Kawashima, T., Lorković, Z. J., Nishihama, R., Ishizaki, K., Axelsson, E., Yelagandula, R., et al. (2015). Diversification of Histone H2A Variants during Plant Evolution. Trends Plant Sci. 20, 419–425. doi:10.1016/j.tplants.2015.04.005
 Kazankov, K., Jørgensen, S. M. D., Thomsen, K. L., Møller, H. J., Vilstrup, H., George, J., et al. (2019). The Role of Macrophages in Nonalcoholic Fatty Liver Disease and Nonalcoholic Steatohepatitis. Nat. Rev. Gastroenterol. Hepatol. 16, 145–159. doi:10.1038/s41575-018-0082-x
 Khan, F. S., Ali, I., Afridi, U. K., Ishtiaq, M., and Mehmood, R. (2017). Epigenetic Mechanisms Regulating the Development of Hepatocellular Carcinoma and Their Promise for Therapeutics. Hepatol. Int. 11, 45–53. doi:10.1007/s12072-016-9743-4
 Kim, D. H., Kim, J., Kwon, J. S., Sandhu, J., Tontonoz, P., Lee, S. K., et al. (2016). Critical Roles of the Histone Methyltransferase MLL4/KMT2D in Murine Hepatic Steatosis Directed by ABL1 and PPARγ2. Cel Rep 17, 1671–1682. doi:10.1016/j.celrep.2016.10.023
 Kim, H. G., Cho, J. H., Kim, J., and Kim, S. J. (2021). The Role of Epigenetic Changes in the Progression of Alcoholic Steatohepatitis. Front. Physiol. 12, 691738. doi:10.3389/fphys.2021.691738
 Kim, J. H., Jung, D. Y., Kim, H. R., and Jung, M. H. (2020). Histone H3K9 Demethylase JMJD2B Plays a Role in LXRα-dependent Lipogenesis. Int. J. Mol. Sci. 21. doi:10.3390/ijms21218313
 Kim, T. D., Fuchs, J. R., Schwartz, E., Abdelhamid, D., Etter, J., Berry, W. L., et al. (2014). Pro-growth Role of the JMJD2C Histone Demethylase in HCT-116 colon Cancer Cells and Identification of Curcuminoids as JMJD2 Inhibitors. Am. J. Transl Res. 6, 236–247.
 Kirpich, I., Ghare, S., Zhang, J., Gobejishvili, L., Kharebava, G., Barve, S. J., et al. (2012). Binge Alcohol-Induced Microvesicular Liver Steatosis and Injury Are Associated with Down-Regulation of Hepatic Hdac 1, 7, 9, 10, 11 and Up-Regulation of Hdac 3. Alcohol. Clin. Exp. Res. 36, 1578–1586. doi:10.1111/j.1530-0277.2012.01751.x
 Kirpich, I., Zhang, J., Gobejishvili, L., Kharebava, G., Barker, D., Ghare, S., et al. (2013). Binge Ethanol-Induced HDAC3 Down-Regulates Cpt1α Expression Leading to Hepatic Steatosis and Injury. Alcohol. Clin. Exp. Res. 37, 1920–1929. doi:10.1111/acer.12172
 Kisseleva, T., and Brenner, D. (2021). Molecular and Cellular Mechanisms of Liver Fibrosis and its Regression. Nat. Rev. Gastroenterol. Hepatol. 18, 151–166. doi:10.1038/s41575-020-00372-7
 Koumbi, L., and Karayiannis, P. (2015). The Epigenetic Control of Hepatitis B Virus Modulates the Outcome of Infection. Front. Microbiol. 6, 1491. doi:10.3389/fmicb.2015.01491
 Koumbi, L., Pollicino, T., Raimondo, G., Stampoulis, D., Khakoo, S., and Karayiannis, P. (2016). Hepatitis B Virus Basal Core Promoter Mutations Show Lower Replication Fitness Associated with cccDNA Acetylation Status. Virus. Res. 220, 150–160. doi:10.1016/j.virusres.2016.04.022
 Kouzarides, T. (2007). Chromatin Modifications and Their Function. Cell 128, 693–705. doi:10.1016/j.cell.2007.02.005
 Kriss, C. L., Gregory-Lott, E., Storey, A. J., Tackett, A. J., Wahls, W. P., and Stevens, S. M. (2018). In Vivo Metabolic Tracing Demonstrates the Site-specific Contribution of Hepatic Ethanol Metabolism to Histone Acetylation. Alcohol. Clin. Exp. Res. 42, 1909–1923. doi:10.1111/acer.13843
 Krueger, W., Boelsterli, U. A., and Rasmussen, T. P. (2014). Stem Cell Strategies to Evaluate Idiosyncratic Drug-Induced Liver Injury. J. Clin. Transl Hepatol. 2, 143–152. doi:10.14218/JCTH.2014.00012
 Ku, W. L., Nakamura, K., Gao, W., Cui, K., Hu, G., Tang, Q., et al. (2019). Single-cell Chromatin Immunocleavage Sequencing (scChIC-Seq) to Profile Histone Modification. Nat. Methods 16, 323–325. doi:10.1038/s41592-019-0361-7
 Ku, W. L., Pan, L., Cao, Y., Gao, W., and Zhao, K. (2021). Profiling Single-Cell Histone Modifications Using Indexing Chromatin Immunocleavage Sequencing. Genome Res. 31, 1831–1842. doi:10.1101/gr.260893.120
 Kuo, M. H., and Allis, C. D. (1999). In Vivo cross-linking and Immunoprecipitation for Studying Dynamic Protein:DNA Associations in a Chromatin Environment. Methods 19, 425–433. doi:10.1006/meth.1999.0879
 Kurozumi, A., Nakano, K., Yamagata, K., Okada, Y., Nakayamada, S., and Tanaka, Y. (2019). IL-6 and sIL-6R Induces STAT3-dependent Differentiation of Human VSMCs into Osteoblast-like Cells through JMJD2B-Mediated Histone Demethylation of RUNX2. Bone 124, 53–61. doi:10.1016/j.bone.2019.04.006
 Lanini, S., Ustianowski, A., Pisapia, R., Zumla, A., and Ippolito, G. (2019). Viral Hepatitis: Etiology, Epidemiology, Transmission, Diagnostics, Treatment, and Prevention. Infect. Dis. Clin. North. Am. 33, 1045–1062. doi:10.1016/j.idc.2019.08.004
 Lasko, L. M., Jakob, C. G., Edalji, R. P., Qiu, W., Montgomery, D., Digiammarino, E. L., et al. (2017). Discovery of a Selective Catalytic P300/CBP Inhibitor that Targets Lineage-specific Tumours. Nature 550, 128–132. doi:10.1038/nature24028
 Lawrence, M., Daujat, S., and Schneider, R. (2016). Lateral Thinking: How Histone Modifications Regulate Gene Expression. Trends Genet. 32, 42–56. doi:10.1016/j.tig.2015.10.007
 Lee, J., Kim, Y., Friso, S., and Choi, S. W. (2017). Epigenetics in Non-alcoholic Fatty Liver Disease. Mol. Aspects Med. 54, 78–88. doi:10.1016/j.mam.2016.11.008
 Lee, S. J., Lee, Y. J., and Park, K. K. (2016). The Pathogenesis of Drug-Induced Liver Injury. Expert Rev. Gastroenterol. Hepatol. 10, 1175–1185. doi:10.1080/17474124.2016.1196133
 Lee, Y. J., and Shukla, S. D. (2007). Histone H3 Phosphorylation at Serine 10 and Serine 28 Is Mediated by P38 MAPK in Rat Hepatocytes Exposed to Ethanol and Acetaldehyde. Eur. J. Pharmacol. 573, 29–38. doi:10.1016/j.ejphar.2007.06.049
 Li, B., Carey, M., and Workman, J. L. (2007). The Role of Chromatin during Transcription. Cell 128, 707–719. doi:10.1016/j.cell.2007.01.015
 Li, G., Ji, T., Chen, J., Fu, Y., Hou, L., Feng, Y., et al. (2017). CRL4DCAF8 Ubiquitin Ligase Targets Histone H3K79 and Promotes H3K9 Methylation in the Liver. Cel Rep 18, 1499–1511. doi:10.1016/j.celrep.2017.01.039
 Li, J., Huang, J., Li, J. S., Chen, H., Huang, K., and Zheng, L. (2012). Accumulation of Endoplasmic Reticulum Stress and Lipogenesis in the Liver through Generational Effects of High Fat Diets. J. Hepatol. 56, 900–907. doi:10.1016/j.jhep.2011.10.018
 Li, W. Y., Ren, J. H., Tao, N. N., Ran, L. K., Chen, X., Zhou, H. Z., et al. (2016). The SIRT1 Inhibitor, Nicotinamide, Inhibits Hepatitis B Virus Replication In Vitro and In Vivo. Arch. Virol. 161, 621–630. doi:10.1007/s00705-015-2712-8
 Li, Y., Reddy, M. A., Miao, F., Shanmugam, N., Yee, J. K., Hawkins, D., et al. (2008). Role of the Histone H3 Lysine 4 Methyltransferase, SET7/9, in the Regulation of NF-kappaB-dependent Inflammatory Genes. Relevance to Diabetes and Inflammation. J. Biol. Chem. 283, 26771–26781. doi:10.1074/jbc.M802800200
 Li, Y., Yamane, D., Masaki, T., and Lemon, S. M. (2015). The Yin and Yang of Hepatitis C: Synthesis and Decay of Hepatitis C Virus RNA. Nat. Rev. Microbiol. 13, 544–558. doi:10.1038/nrmicro3506
 Liangpunsakul, S., Haber, P., and Mccaughan, G. W. (2016). Alcoholic Liver Disease in Asia, Europe, and North America. Gastroenterology 150, 1786–1797. doi:10.1053/j.gastro.2016.02.043
 Lim, H. J., and Kim, M. (2020). EZH2 as a Potential Target for NAFLD Therapy. Int. J. Mol. Sci. 21. doi:10.3390/ijms21228617
 Lin, X. X., Lian, G. H., Peng, S. F., Zhao, Q., Xu, Y., Ou-Yang, D. S., et al. (2018). Reversing Epigenetic Alterations Caused by Alcohol: A Promising Therapeutic Direction for Alcoholic Liver Disease. Alcohol. Clin. Exp. Res. 42, 1863–1873. doi:10.1111/acer.13863
 Linden, A. G., Li, S., Choi, H. Y., Fang, F., Fukasawa, M., Uyeda, K., et al. (2018). Interplay between ChREBP and SREBP-1c Coordinates Postprandial Glycolysis and Lipogenesis in Livers of Mice. J. Lipid Res. 59, 475–487. doi:10.1194/jlr.M081836
 Liu, F., Campagna, M., Qi, Y., Zhao, X., Guo, F., Xu, C., et al. (2013). Alpha-interferon Suppresses Hepadnavirus Transcription by Altering Epigenetic Modification of cccDNA Minichromosomes. Plos Pathog. 9, e1003613. doi:10.1371/journal.ppat.1003613
 Liu, M., Cao, S., He, L., Gao, J., Arab, J. P., Cui, H., et al. (2021). Super Enhancer Regulation of Cytokine-Induced Chemokine Production in Alcoholic Hepatitis. Nat. Commun. 12, 4560. doi:10.1038/s41467-021-24843-w
 Liu, X., Xu, J., Rosenthal, S., Zhang, L. J., Mccubbin, R., Meshgin, N., et al. (2020). Identification of Lineage-specific Transcription Factors that Prevent Activation of Hepatic Stellate Cells and Promote Fibrosis Resolution. Gastroenterology 158, 1728–e14. doi:10.1053/j.gastro.2020.01.027
 Lo, W. S., Trievel, R. C., Rojas, J. R., Duggan, L., Hsu, J. Y., Allis, C. D., et al. (2000). Phosphorylation of Serine 10 in Histone H3 Is Functionally Linked In Vitro and In Vivo to Gcn5-Mediated Acetylation at Lysine 14. Mol. Cel 5, 917–926. doi:10.1016/s1097-2765(00)80257-9
 Lopez, R., Sarg, B., Lindner, H., Bartolomé, S., Ponte, I., Suau, P., et al. (2015). Linker Histone Partial Phosphorylation: Effects on Secondary Structure and Chromatin Condensation. Nucleic Acids Res. 43, 4463–4476. doi:10.1093/nar/gkv304
 Lorch, Y., Lapointe, J. W., and Kornberg, R. D. (1987). Nucleosomes Inhibit the Initiation of Transcription but Allow Chain Elongation with the Displacement of Histones. Cell 49, 203–210. doi:10.1016/0092-8674(87)90561-7
 Lu, P., Yan, M., He, L., Li, J., Ji, Y., and Ji, J. (2019). Crosstalk between Epigenetic Modulations in Valproic Acid Deactivated Hepatic Stellate Cells: An Integrated Protein and miRNA Profiling Study. Int. J. Biol. Sci. 15, 93–104. doi:10.7150/ijbs.28642
 Lu, S. C., and Mato, J. M. (2008). S-adenosylmethionine in Cell Growth, Apoptosis and Liver Cancer. J. Gastroenterol. Hepatol. 23 (Suppl. 1), S73–S77. doi:10.1111/j.1440-1746.2007.05289.x
 Ludwig, C. H., and Bintu, L. (2019). Mapping Chromatin Modifications at the Single Cell Level. Development 146. doi:10.1242/dev.170217
 Luo, L., Chen, S., Gong, Q., Luo, N., Lei, Y., Guo, J., et al. (2013). Hepatitis B Virus X Protein Modulates Remodelling of Minichromosomes Related to Hepatitis B Virus Replication in HepG2 Cells. Int. J. Mol. Med. 31, 197–204. doi:10.3892/ijmm.2012.1165
 Ma, F., Jiang, S., and Zhang, C. Y. (2019). Recent Advances in Histone Modification and Histone Modifying Enzyme Assays. Expert Rev. Mol. Diagn. 19, 27–36. doi:10.1080/14737159.2019.1559053
 Madejón, A., Sheldon, J., Francisco-Recuero, I., Perales, C., Domínguez-Beato, M., Lasa, M., et al. (2015). Hepatitis C Virus-Mediated Aurora B Kinase Inhibition Modulates Inflammatory Pathway and Viral Infectivity. J. Hepatol. 63, 312–319. doi:10.1016/j.jhep.2015.02.036
 Mahdinloo, S., Kiaie, S. H., Amiri, A., Hemmati, S., Valizadeh, H., and Zakeri-Milani, P. (2020). Efficient Drug and Gene Delivery to Liver Fibrosis: Rationale, Recent Advances, and Perspectives. Acta Pharm. Sin B 10, 1279–1293. doi:10.1016/j.apsb.2020.03.007
 Mannaerts, I., Nuytten, N. R., Rogiers, V., Vanderkerken, K., Van Grunsven, L. A., and Geerts, A. (2010). Chronic Administration of Valproic Acid Inhibits Activation of Mouse Hepatic Stellate Cells In Vitro and In Vivo. Hepatology 51, 603–614. doi:10.1002/hep.23334
 Manne, V., Handa, P., and Kowdley, K. V. (2018). Pathophysiology of Nonalcoholic Fatty Liver Disease/Nonalcoholic Steatohepatitis. Clin. Liver Dis. 22, 23–37. doi:10.1016/j.cld.2017.08.007
 Martin, C., and Zhang, Y. (2005). The Diverse Functions of Histone Lysine Methylation. Nat. Rev. Mol. Cel Biol 6, 838–849. doi:10.1038/nrm1761
 Masclef, L., Ahmed, O., Estavoyer, B., Larrivée, B., Labrecque, N., Nijnik, A., et al. (2021). Roles and Mechanisms of BAP1 Deubiquitinase in Tumor Suppression. Cell Death Differ 28, 606–625. doi:10.1038/s41418-020-00709-4
 Mato, J. M., Corrales, F. J., Lu, S. C., and Avila, M. A. (2002). S-adenosylmethionine: a Control Switch that Regulates Liver Function. Faseb j 16, 15–26. doi:10.1096/fj.01-0401rev
 Mikula, M., Majewska, A., Ledwon, J. K., Dzwonek, A., and Ostrowski, J. (2014). Obesity Increases Histone H3 Lysine 9 and 18 Acetylation at Tnfa and Ccl2 Genes in Mouse Liver. Int. J. Mol. Med. 34, 1647–1654. doi:10.3892/ijmm.2014.1958
 Moghe, A., Joshi-Barve, S., Ghare, S., Gobejishvili, L., Kirpich, I., Mcclain, C. J., et al. (2011). Histone Modifications and Alcohol-Induced Liver Disease: Are Altered Nutrients the Missing Link?World J. Gastroenterol. 17, 2465–2472. doi:10.3748/wjg.v17.i20.2465
 Mokdad, A. A., Lopez, A. D., Shahraz, S., Lozano, R., Mokdad, A. H., Stanaway, J., et al. (2014). Liver Cirrhosis Mortality in 187 Countries between 1980 and 2010: a Systematic Analysis. BMC Med. 12, 145. doi:10.1186/s12916-014-0145-y
 Moon, A. M., Singal, A. G., and Tapper, E. B. (2020). Contemporary Epidemiology of Chronic Liver Disease and Cirrhosis. Clin. Gastroenterol. Hepatol. 18, 2650–2666. doi:10.1016/j.cgh.2019.07.060
 Morral, N., Liu, S., Conteh, A. M., Chu, X., Wang, Y., Dong, X. C., et al. (2021). Aberrant Gene Expression Induced by a High Fat Diet Is Linked to H3K9 Acetylation in the Promoter-Proximal Region. Biochim. Biophys. Acta Gene Regul. Mech. 1864, 194691. doi:10.1016/j.bbagrm.2021.194691
 O'hara, S. P., Splinter, P. L., Trussoni, C. E., Guicciardi, M. E., Splinter, N. P., Al Suraih, M. S., et al. (2019). The Transcription Factor ETS1 Promotes Apoptosis Resistance of Senescent Cholangiocytes by Epigenetically Up-Regulating the Apoptosis Suppressor BCL2L1. J. Biol. Chem. 294, 18698–18713. doi:10.1074/jbc.RA119.010176
 O'hara, S. P., Splinter, P. L., Trussoni, C. E., Pisarello, M. J., Loarca, L., Splinter, N. S., et al. (2017). ETS Proto-Oncogene 1 Transcriptionally Up-Regulates the Cholangiocyte Senescence-Associated Protein Cyclin-dependent Kinase Inhibitor 2A. J. Biol. Chem. 292, 4833–4846. doi:10.1074/jbc.M117.777409
 Osna, N. A., Donohue, T. M., and Kharbanda, K. K. (2017). Alcoholic Liver Disease: Pathogenesis and Current Management. Alcohol. Res. 38, 147–161.
 Padhi, S. S., Roy, S., Kar, M., Saha, A., Roy, S., Adhya, A., et al. (2017). Role of CDKN2A/p16 Expression in the Prognostication of Oral Squamous Cell Carcinoma. Oral Oncol. 73, 27–35. doi:10.1016/j.oraloncology.2017.07.030
 Pal-Bhadra, M., Bhadra, U., Jackson, D. E., Mamatha, L., Park, P. H., and Shukla, S. D. (2007). Distinct Methylation Patterns in Histone H3 at Lys-4 and Lys-9 Correlate with up- & Down-Regulation of Genes by Ethanol in Hepatocytes. Life Sci. 81, 979–987. doi:10.1016/j.lfs.2007.07.030
 Park, P. H., Lim, R. W., and Shukla, S. D. (2012). Gene-selective Histone H3 Acetylation in the Absence of Increase in Global Histone Acetylation in Liver of Rats Chronically Fed Alcohol. Alcohol Alcohol 47, 233–239. doi:10.1093/alcalc/ags004
 Park, P. H., Lim, R. W., and Shukla, S. D. (2005). Involvement of Histone Acetyltransferase (HAT) in Ethanol-Induced Acetylation of Histone H3 in Hepatocytes: Potential Mechanism for Gene Expression. Am. J. Physiol. Gastrointest. Liver Physiol. 289, G1124–G1136. doi:10.1152/ajpgi.00091.2005
 Park, P. H., Miller, R., and Shukla, S. D. (2003). Acetylation of Histone H3 at Lysine 9 by Ethanol in Rat Hepatocytes. Biochem. Biophys. Res. Commun. 306, 501–504. doi:10.1016/s0006-291x(03)01040-4
 Park, P. J. (2009). ChIP-seq: Advantages and Challenges of a Maturing Technology. Nat. Rev. Genet. 10, 669–680. doi:10.1038/nrg2641
 Peng, J., Li, J., Huang, J., Xu, P., Huang, H., Liu, Y., et al. (2019). p300/CBP Inhibitor A-485 Alleviates Acute Liver Injury by Regulating Macrophage Activation and Polarization. Theranostics 9, 8344–8361. doi:10.7150/thno.30707
 Perugorria, M. J., Wilson, C. L., Zeybel, M., Walsh, M., Amin, S., Robinson, S., et al. (2012). Histone Methyltransferase ASH1 Orchestrates Fibrogenic Gene Transcription during Myofibroblast Transdifferentiation. Hepatology 56, 1129–1139. doi:10.1002/hep.25754
 Peverelli, E., Giardino, E., Treppiedi, D., Meregalli, M., Belicchi, M., Vaira, V., et al. (2017). Dopamine Receptor Type 2 (DRD2) and Somatostatin Receptor Type 2 (SSTR2) Agonists Are Effective in Inhibiting Proliferation of Progenitor/stem-like Cells Isolated from Nonfunctioning Pituitary Tumors. Int. J. Cancer 140, 1870–1880. doi:10.1002/ijc.30613
 Pollicino, T., Belloni, L., Raffa, G., Pediconi, N., Squadrito, G., Raimondo, G., et al. (2006). Hepatitis B Virus Replication Is Regulated by the Acetylation Status of Hepatitis B Virus cccDNA-Bound H3 and H4 Histones. Gastroenterology 130, 823–837. doi:10.1053/j.gastro.2006.01.001
 Ponte, I., Romero, D., Yero, D., Suau, P., and Roque, A. (2017). Complex Evolutionary History of the Mammalian Histone H1.1-H1.5 Gene Family. Mol. Biol. Evol. 34, 545–558. doi:10.1093/molbev/msw241
 Qing, J., Ren, Y., Zhang, Y., Yan, M., Zhang, H., Wu, D., et al. (2021). Dopamine Receptor D2 Antagonization Normalizes Profibrotic Macrophage-Endothelial Crosstalk in Non-alcoholic Steatohepatitis. J. Hepatol . doi:10.1016/j.jhep.2021.09.032
 Rajan, P. K., Udoh, U. A., Sanabria, J. D., Banerjee, M., Smith, G., Schade, M. S., et al. (2020). The Role of Histone Acetylation-/Methylation-Mediated Apoptotic Gene Regulation in Hepatocellular Carcinoma. Int. J. Mol. Sci. 21. doi:10.3390/ijms21238894
 Restrepo, R. J., Lim, R. W., Korthuis, R. J., and Shukla, S. D. (2017). Binge Alcohol Alters PNPLA3 Levels in Liver through Epigenetic Mechanism Involving Histone H3 Acetylation. Alcohol 60, 77–82. doi:10.1016/j.alcohol.2017.01.009
 Rivière, L., Gerossier, L., Ducroux, A., Dion, S., Deng, Q., Michel, M. L., et al. (2015). HBx Relieves Chromatin-Mediated Transcriptional Repression of Hepatitis B Viral cccDNA Involving SETDB1 Histone Methyltransferase. J. Hepatol. 63, 1093–1102. doi:10.1016/j.jhep.2015.06.023
 Rodríguez-Aguilera, J. R., Guerrero-Hernández, C., Pérez-Molina, R., Cadena-Del-Castillo, C. E., Pérez-Cabeza de Vaca, R., Guerrero-Celis, N., et al. (2018). Epigenetic Effects of an Adenosine Derivative in a Wistar Rat Model of Liver Cirrhosis. J. Cel Biochem 119, 401–413. doi:10.1002/jcb.26192
 Roehlen, N., Crouchet, E., and Baumert, T. F. (2020). Liver Fibrosis: Mechanistic Concepts and Therapeutic Perspectives. Cells 9. doi:10.3390/cells9040875
 Rohrbach, T. D., Asgharpour, A., Maczis, M. A., Montefusco, D., Cowart, L. A., Bedossa, P., et al. (2019). FTY720/fingolimod Decreases Hepatic Steatosis and Expression of Fatty Acid Synthase in Diet-Induced Nonalcoholic Fatty Liver Disease in Mice. J. Lipid Res. 60, 1311–1322. doi:10.1194/jlr.M093799
 Romero-Gómez, M., Zelber-Sagi, S., and Trenell, M. (2017). Treatment of NAFLD with Diet, Physical Activity and Exercise. J. Hepatol. 67, 829–846. doi:10.1016/j.jhep.2017.05.016
 Roque, A., Ponte, I., Arrondo, J. L., and Suau, P. (2008). Phosphorylation of the Carboxy-Terminal Domain of Histone H1: Effects on Secondary Structure and DNA Condensation. Nucleic Acids Res. 36, 4719–4726. doi:10.1093/nar/gkn440
 Rossetto, D., Avvakumov, N., and Côté, J. (2012). Histone Phosphorylation: a Chromatin Modification Involved in Diverse Nuclear Events. Epigenetics 7, 1098–1108. doi:10.4161/epi.21975
 Rotem, A., Ram, O., Shoresh, N., Sperling, R. A., Goren, A., Weitz, D. A., et al. (2015). Single-cell ChIP-Seq Reveals Cell Subpopulations Defined by Chromatin State. Nat. Biotechnol. 33, 1165–1172. doi:10.1038/nbt.3383
 Sahar, S., Masubuchi, S., Eckel-Mahan, K., Vollmer, S., Galla, L., Ceglia, N., et al. (2014). Circadian Control of Fatty Acid Elongation by SIRT1 Protein-Mediated Deacetylation of Acetyl-Coenzyme A Synthetase 1. J. Biol. Chem. 289, 6091–6097. doi:10.1074/jbc.M113.537191
 Santos-Rosa, H., Schneider, R., Bannister, A. J., Sherriff, J., Bernstein, B. E., Emre, N. C., et al. (2002). Active Genes Are Tri-methylated at K4 of Histone H3. Nature 419, 407–411. doi:10.1038/nature01080
 Sarr, O., Blake, A., Thompson, J. A., Zhao, L., Rabicki, K., Walsh, J. C., et al. (2016). The Differential Effects of Low Birth Weightand Western Diet Consumption upon Early Life Hepatic Fibrosis Development in guinea Pig. J. Physiol. 594, 1753–1772. doi:10.1113/JP271777
 Schneider, A., Chatterjee, S., Bousiges, O., Selvi, B. R., Swaminathan, A., Cassel, R., et al. (2013). Acetyltransferases (HATs) as Targets for Neurological Therapeutics. Neurotherapeutics 10, 568–588. doi:10.1007/s13311-013-0204-7
 Seeger, C., and Mason, W. S. (2015). Molecular Biology of Hepatitis B Virus Infection. Virology 479-480, 672–686. doi:10.1016/j.virol.2015.02.031
 Sehrawat, T. S., Liu, M., and Shah, V. H. (2020). The Knowns and Unknowns of Treatment for Alcoholic Hepatitis. Lancet Gastroenterol. Hepatol. 5, 494–506. doi:10.1016/S2468-1253(19)30326-7
 Seitz, H. K., Bataller, R., Cortez-Pinto, H., Gao, B., Gual, A., Lackner, C., et al. (2018). Alcoholic Liver Disease. Nat. Rev. Dis. Primers 4, 16. doi:10.1038/s41572-018-0014-7
 Seo, J., Min, S. K., Park, H. R., Kim, D. H., Kwon, M. J., Kim, L. S., et al. (2014). Expression of Histone Deacetylases HDAC1, HDAC2, HDAC3, and HDAC6 in Invasive Ductal Carcinomas of the Breast. J. Breast Cancer 17, 323–331. doi:10.4048/jbc.2014.17.4.323
 Sharma, N., Sankrityayan, H., Kale, A., and Gaikwad, A. B. (2020). Role of SET7/9 in the Progression of Ischemic Renal Injury in Diabetic and Non-diabetic Rats. Biochem. Biophys. Res. Commun. 528, 14–20. doi:10.1016/j.bbrc.2020.05.075
 Shechter, D., Dormann, H. L., Allis, C. D., and Hake, S. B. (2007). Extraction, Purification and Analysis of Histones. Nat. Protoc. 2, 1445–1457. doi:10.1038/nprot.2007.202
 Sheen-Chen, S. M., Lin, C. R., Chen, K. H., Yang, C. H., Lee, C. T., Huang, H. W., et al. (2014). Epigenetic Histone Methylation Regulates Transforming Growth Factor β-1 Expression Following Bile Duct Ligation in Rats. J. Gastroenterol. 49, 1285–1297. doi:10.1007/s00535-013-0892-0
 Shetty, M. G., Pai, P., Deaver, R. E., Satyamoorthy, K., and Babitha, K. S. (2021). Histone Deacetylase 2 Selective Inhibitors: A Versatile Therapeutic Strategy as Next Generation Drug Target in Cancer Therapy. Pharmacol. Res. 170, 105695. doi:10.1016/j.phrs.2021.105695
 Shi, Y., Lan, F., Matson, C., Mulligan, P., Whetstine, J. R., Cole, P. A., et al. (2004). Histone Demethylation Mediated by the Nuclear Amine Oxidase Homolog LSD1. Cell 119, 941–953. doi:10.1016/j.cell.2004.12.012
 Shih, C., Yang, C. C., Choijilsuren, G., Chang, C. H., and Liou, A. T. (2018). Hepatitis B Virus. Trends Microbiol. 26, 386–387. doi:10.1016/j.tim.2018.01.009
 Shukla, S. D., Aroor, A. R., Restrepo, R., Kharbanda, K. K., and Ibdah, J. A. (2015). In Vivo Acute on Chronic Ethanol Effects in Liver: A Mouse Model Exhibiting Exacerbated Injury, Altered Metabolic and Epigenetic Responses. Biomolecules 5, 3280–3294. doi:10.3390/biom5043280
 Siersbæk, M., Varticovski, L., Yang, S., Baek, S., Nielsen, R., Mandrup, S., et al. (2017). High Fat Diet-Induced Changes of Mouse Hepatic Transcription and Enhancer Activity Can Be Reversed by Subsequent Weight Loss. Sci. Rep. 7, 40220. doi:10.1038/srep40220
 Singal, A. G., Lampertico, P., and Nahon, P. (2020). Epidemiology and Surveillance for Hepatocellular Carcinoma: New Trends. J. Hepatol. 72, 250–261. doi:10.1016/j.jhep.2019.08.025
 Sinha, S., Verma, S., and Chaturvedi, M. M. (2016). Differential Expression of SWI/SNF Chromatin Remodeler Subunits Brahma and Brahma-Related Gene during Drug-Induced Liver Injury and Regeneration in Mouse Model. DNA Cel Biol 35, 373–384. doi:10.1089/dna.2015.3155
 Slominski, A. T., Kim, T. K., Qayyum, S., Song, Y., Janjetovic, Z., Oak, A. S. W., et al. (2021). Vitamin D and Lumisterol Derivatives Can Act on Liver X Receptors (LXRs). Sci. Rep. 11, 8002. doi:10.1038/s41598-021-87061-w
 Sodum, N., Kumar, G., Bojja, S. L., Kumar, N., and Rao, C. M. (2021). Epigenetics in NAFLD/NASH: Targets and Therapy. Pharmacol. Res. 167, 105484. doi:10.1016/j.phrs.2021.105484
 Stathis, A., Zucca, E., Bekradda, M., Gomez-Roca, C., Delord, J. P., De La Motte Rouge, T., et al. (2016). Clinical Response of Carcinomas Harboring the BRD4-NUT Oncoprotein to the Targeted Bromodomain Inhibitor OTX015/MK-8628. Cancer Discov. 6, 492–500. doi:10.1158/2159-8290.CD-15-1335
 Strahl, B. D., and Allis, C. D. (2000). The Language of Covalent Histone Modifications. Nature 403, 41–45. doi:10.1038/47412
 Sun, C., Fan, J. G., and Qiao, L. (2015). Potential Epigenetic Mechanism in Non-alcoholic Fatty Liver Disease. Int. J. Mol. Sci. 16, 5161–5179. doi:10.3390/ijms16035161
 Takebe, N., Beumer, J. H., Kummar, S., Kiesel, B. F., Dowlati, A., O'sullivan Coyne, G., et al. (2019). A Phase I Pharmacokinetic Study of Belinostat in Patients with Advanced Cancers and Varying Degrees of Liver Dysfunction. Br. J. Clin. Pharmacol. 85, 2499–2511. doi:10.1111/bcp.14054
 Tamura, R., Doi, S., Nakashima, A., Sasaki, K., Maeda, K., Ueno, T., et al. (2018). Inhibition of the H3K4 Methyltransferase SET7/9 Ameliorates Peritoneal Fibrosis. PLoS One 13, e0196844. doi:10.1371/journal.pone.0196844
 Tapper, E. B., and Parikh, N. D. (2018). Mortality Due to Cirrhosis and Liver Cancer in the United States, 1999-2016: Observational Study. Bmj 362, k2817. doi:10.1136/bmj.k2817
 Tarakhovsky, A. (2010). Tools and Landscapes of Epigenetics. Nat. Immunol. 11, 565–568. doi:10.1038/ni0710-565
 Truax, A. D., and Greer, S. F. (2012). ChIP and Re-ChIP Assays: Investigating Interactions between Regulatory Proteins, Histone Modifications, and the DNA Sequences to Which They Bind. Methods Mol. Biol. 809, 175–188. doi:10.1007/978-1-61779-376-9_12
 Tsukada, Y., Fang, J., Erdjument-Bromage, H., Warren, M. E., Borchers, C. H., Tempst, P., et al. (2006). Histone Demethylation by a Family of JmjC Domain-Containing Proteins. Nature 439, 811–816. doi:10.1038/nature04433
 Vu, L. D., Gevaert, K., and De Smet, I. (2018). Protein Language: Post-Translational Modifications Talking to Each Other. Trends Plant Sci. 23, 1068–1080. doi:10.1016/j.tplants.2018.09.004
 Walport, L. J., Hopkinson, R. J., Chowdhury, R., Schiller, R., Ge, W., Kawamura, A., et al. (2016). Arginine Demethylation Is Catalysed by a Subset of JmjC Histone Lysine Demethylases. Nat. Commun. 7, 11974. doi:10.1038/ncomms11974
 Whetstine, J. R., Nottke, A., Lan, F., Huarte, M., Smolikov, S., Chen, Z., et al. (2006). Reversal of Histone Lysine Trimethylation by the JMJD2 Family of Histone Demethylases. Cell 125, 467–481. doi:10.1016/j.cell.2006.03.028
 Wilson, C. L., Mann, D. A., and Borthwick, L. A. (2017). Epigenetic Reprogramming in Liver Fibrosis and Cancer. Adv. Drug Deliv. Rev. 121, 124–132. doi:10.1016/j.addr.2017.10.011
 Wolinska, E., and Skrzypczak, M. (2021). Epigenetic Changes Affecting the Development of Hepatocellular Carcinoma. Cancers (Basel) 13. doi:10.3390/cancers13164237
 Wong, M. C. S., Huang, J. L. W., George, J., Huang, J., Leung, C., Eslam, M., et al. (2019). The Changing Epidemiology of Liver Diseases in the Asia-Pacific Region. Nat. Rev. Gastroenterol. Hepatol. 16, 57–73. doi:10.1038/s41575-018-0055-0
 Wysocka, J., Swigut, T., Xiao, H., Milne, T. A., Kwon, S. Y., Landry, J., et al. (2006). A PHD finger of NURF Couples Histone H3 Lysine 4 Trimethylation with Chromatin Remodelling. Nature 442, 86–90. doi:10.1038/nature04815
 Xu, M. J., Zhou, Z., Parker, R., and Gao, B. (2017). Targeting Inflammation for the Treatment of Alcoholic Liver Disease. Pharmacol. Ther. 180, 77–89. doi:10.1016/j.pharmthera.2017.06.007
 Yang, A., Jiao, Y., Yang, S., Deng, M., Yang, X., Mao, C., et al. (2018). Homocysteine Activates Autophagy by Inhibition of CFTR Expression via Interaction between DNA Methylation and H3K27me3 in Mouse Liver. Cell Death Dis 9, 169. doi:10.1038/s41419-017-0216-z
 Yang, G., Feng, J., Liu, Y., Zhao, M., Yuan, Y., Yuan, H., et al. (2019). HAT1 Signaling Confers to Assembly and Epigenetic Regulation of HBV cccDNA Minichromosome. Theranostics 9, 7345–7358. doi:10.7150/thno.37173
 Yang, W., Xia, Y., Hawke, D., Li, X., Liang, J., Xing, D., et al. (2014). PKM2 Phosphorylates Histone H3 and Promotes Gene Transcription and Tumorigenesis. Cell 158, 1210. doi:10.1016/j.cell.2014.08.003
 Yang, Y., Zhang, R., Li, Z., Mei, L., Wan, S., Ding, H., et al. (2020). Discovery of Highly Potent, Selective, and Orally Efficacious P300/CBP Histone Acetyltransferases Inhibitors. J. Med. Chem. 63, 1337–1360. doi:10.1021/acs.jmedchem.9b01721
 Yaqoob, U., Luo, F., Greuter, T., Jalan Sakrikar, N., Sehrawat, T. S., Lu, J., et al. (2020). GIPC-regulated IGFBP-3 Promotes HSC Migration In Vitro and Portal Hypertension In Vivo through a β1-Integrin Pathway. Cell Mol Gastroenterol Hepatol 10, 545–559. doi:10.1016/j.jcmgh.2020.05.005
 Yeo, W., Chung, H. C., Chan, S. L., Wang, L. Z., Lim, R., Picus, J., et al. (2012). Epigenetic Therapy Using Belinostat for Patients with Unresectable Hepatocellular Carcinoma: a Multicenter Phase I/II Study with Biomarker and Pharmacokinetic Analysis of Tumors from Patients in the Mayo Phase II Consortium and the Cancer Therapeutics Research Group. J. Clin. Oncol. 30, 3361–3367. doi:10.1200/JCO.2011.41.2395
 Yeung, F., Hoberg, J. E., Ramsey, C. S., Keller, M. D., Jones, D. R., Frye, R. A., et al. (2004). Modulation of NF-kappaB-dependent Transcription and Cell Survival by the SIRT1 Deacetylase. Embo j 23, 2369–2380. doi:10.1038/sj.emboj.7600244
 You, M., Liang, X., Ajmo, J. M., and Ness, G. C. (2008). Involvement of Mammalian Sirtuin 1 in the Action of Ethanol in the Liver. Am. J. Physiol. Gastrointest. Liver Physiol. 294, G892–G898. doi:10.1152/ajpgi.00575.2007
 Younossi, Z. M. (2019). Non-alcoholic Fatty Liver Disease - A Global Public Health Perspective. J. Hepatol. 70, 531–544. doi:10.1016/j.jhep.2018.10.033
 Younossi, Z. M., Stepanova, M., Younossi, Y., Golabi, P., Mishra, A., Rafiq, N., et al. (2020). Epidemiology of Chronic Liver Diseases in the USA in the Past Three Decades. Gut 69, 564–568. doi:10.1136/gutjnl-2019-318813
 Yun, M., Wu, J., Workman, J. L., and Li, B. (2011). Readers of Histone Modifications. Cel Res 21, 564–578. doi:10.1038/cr.2011.42
 Zeidler, R., De Freitas Soares, B. L., Bader, A., and Giri, S. (2017). Molecular Epigenetic Targets for Liver Diseases: Current Challenges and Future Prospects. Drug Discov. Today 22, 1620–1636. doi:10.1016/j.drudis.2017.07.008
 Zeng, X., Yuan, X., Cai, Q., Tang, C., and Gao, J. (2021). Circular RNA as an Epigenetic Regulator in Chronic Liver Diseases. Cells 10. doi:10.3390/cells10081945
 Zeybel, M., Hardy, T., Wong, Y. K., Mathers, J. C., Fox, C. R., Gackowska, A., et al. (2012). Multigenerational Epigenetic Adaptation of the Hepatic Wound-Healing Response. Nat. Med. 18, 1369–1377. doi:10.1038/nm.2893
 Zeybel, M., Luli, S., Sabater, L., Hardy, T., Oakley, F., Leslie, J., et al. (2017). A Proof-Of-Concept for Epigenetic Therapy of Tissue Fibrosis: Inhibition of Liver Fibrosis Progression by 3-Deazaneplanocin A. Mol. Ther. 25, 218–231. doi:10.1016/j.ymthe.2016.10.004
 Zhang, B., Day, D. S., Ho, J. W., Song, L., Cao, J., Christodoulou, D., et al. (2013). A Dynamic H3K27ac Signature Identifies VEGFA-Stimulated Endothelial Enhancers and Requires EP300 Activity. Genome Res. 23, 917–927. doi:10.1101/gr.149674.112
 Zhang, H., Ma, Y., Cheng, X., Wu, D., Huang, X., Chen, B., et al. (2021). Targeting Epigenetically Maladapted Vascular Niche Alleviates Liver Fibrosis in Nonalcoholic Steatohepatitis. Sci. Transl Med. 13, eabd1206. doi:10.1126/scitranslmed.abd1206
 Zhang, W., Chen, J., Wu, M., Zhang, X., Zhang, M., Yue, L., et al. (2017). PRMT5 Restricts Hepatitis B Virus Replication through Epigenetic Repression of Covalently Closed Circular DNA Transcription and Interference with Pregenomic RNA Encapsidation. Hepatology 66, 398–415. doi:10.1002/hep.29133
 Zheng, D., Jiang, Y., Qu, C., Yuan, H., Hu, K., He, L., et al. (2020). Pyruvate Kinase M2 Tetramerization Protects against Hepatic Stellate Cell Activation and Liver Fibrosis. Am. J. Pathol. 190, 2267–2281. doi:10.1016/j.ajpath.2020.08.002
 Zhou, Y., Wang, Q., Yang, Q., Tang, J., Xu, C., Gai, D., et al. (2018). Histone Deacetylase 3 Inhibitor Suppresses Hepatitis C Virus Replication by Regulating Apo-A1 and LEAP-1 Expression. Virol. Sin 33, 418–428. doi:10.1007/s12250-018-0057-7
 Zippo, A., Serafini, R., Rocchigiani, M., Pennacchini, S., Krepelova, A., and Oliviero, S. (2009). Histone Crosstalk between H3S10ph and H4K16ac Generates a Histone Code that Mediates Transcription Elongation. Cell 138, 1122–1136. doi:10.1016/j.cell.2009.07.031
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Cai, Gan, Tang, Wu and Gao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-784591-t002.jpg
Category

Writers.

Erasers

Readers

Therapeutic
targets

P300
ASH1
EZH2

SETDB1
MLL4/KMT2D,
SET1A

SET7/9 (KMT7)

PRMT1, PRMT5

RNF20/BRE1A
HDAC

LSD 1
JMJD2B/
KDM4D
Phf2
BAP1
BRD4

PDB-ID

5LKU
3MaM
aMis
30LM
474P,
4RIQ
1NBA
10R8,

BUXX
5TRB

4XBF
4UC4

3PTR

5614/
S5EGU

Function

Acetylates histone lysines

Methylates histone H3K36 and
Haka
Methylates histone H3K27

Methylates histone H3K9
Methylates histone H3K4

Methylates histone lysines
Methylates histone arginine

Ubiquitination of H2B
Deacetylase removes acetyl
groups from histone lysines

Demethylates histone lysines
Demethylates histone lysines

Demethylates histone lysines
Deubiquitination of H2B
Bromodomain proteins read
acetyl groups on histone lysines

Clinical/non clinical
approved drugs

C646, B026, A-485, B029-2, etc.

Tazemetostat; Valemetostat, GSK126, CPI-
0209, CPI-1205

Mithramycin, DZNep

Methyitransferase inhibitor 5'-deoxy-5'-
(methylthio)adenosine (MTA)

MTA, Cyproheptadine, Sinefungin, etc.

EPZ015666, GSK33265 95, GSK591, LLY-
283, etc.

Vorinostat, belinostat, panobinostat,
romidepsin; Fimepinostat, KA2507, OKI-
179, ete.

ladademstat, CC-90011, INCB059872
JIBO4, Curcuminoids

Molibresib, Birabresib, ZENO03694,
PLX51107

References

Lasko et al. (2017), Peng et al. (2019),
Yang et al. (2020), Cai et al. (2021)
Perugorria et al. (2012)

Huang et al. (2019), Bates (2020)

Riviere et al. (2015), Karanth et al. (2017)
El Mansouri et al. (2011), Kim et al. (2016)

Gu et al. (2018), Tamura et al. (2018);
Sharma et al. (2020)

Zhang et al. (2017), Guccione and
Richard (2019)

Chen et al. (2021)

Rodriguez-Aguilera et . (2018), Bates
(2020)

Alarcon et al. (2016), Bates (2020)

Kim et al. (2014), Kurozumi et al. (2019)
Kim et al. (2020)

Bricambert et al. (2018)

He et al. (2019)

Bates (2020), Gao et al. (2021)





OPS/images/fphar-12-784591-g003.gif





OPS/images/fphar-12-784591-t001.jpg
Diseases

ALD

MAFLD

Viral hepatitis

Autoimmune liver
disease

Liver fiorosis/
Cirrhosis

PTM site

H3K9ac

H3K9/14/18/23ac and
H3K27me3

H3K4me2

H3K9me

H3810/28ph

H3K9/K14/K18ac

H3K4/K9ac and H4K8/
K16/K20ac

and H3S10ph
H3K27ac

H3K9me2/3 demethylation

H3K9me2 demethylation

HaK4me

H2A Zac and H3K9ac
deacetytation

H4 deacetylation and
decreased H2AXph
H3K27/HAKS/HAK12ac on
GCcDNA

H3K9/K27 deacetylation in
CCCDNA

H4 demethylation

H3K27me3 demethylation
H3K9me and demethylation
of H3K4meg in cccDNA
H4R3me2s on cccDNA
Decreased H3S10ph
Decreased H3ph in cccDNA

Ha4 acetylation
Ha deacetylation
HaK27ac
HaKame3
Hakgac
HaKIme3
H3S10ph
Hakgac

H3K27ac

Ha deacetylation/
acetylation
HaKdme/me3

Increased H3K4me1/2/3,
reduced H3K9me2/3
H3K27me3

H2BK120ub
H2A deubiquitination

Corresponding effect

Activation of CPT1a, ADH I, PNPLA3

Activation of ADH | and GST-Yc2
Repression of Lsoh and CYP2CT1

Activating H3K14 acetylation and inhibting acetytation
of HaK9

Activation of TNFa, CCL2, Pol2 and NF-xB recruitment

Activation of FASN, SRE, ChoRE, PPARy, SREBP-1c,
ACLY

Activation of Scd1, Cypdal4, PPAR, C/EBP, NF4, and
SREBP

Activation of LXRE and ERO1-a, increasing hepatic
LXRa-dependent lipogenic genes

Activation of ChREBP, PPARy, Nif2, or HiF1a, and
protecting the liver from pathogenic lipids and ROS
accumuiation

Activating steatotic target genes of PPARy2 and TNFa-
induced inflammatory genes

Changes in hepatocyte chromatin structure

Changing hepatocarcinogenesis-associated genes
expression and impeding DNA damage repair
Promoting HBV replication and cccDNA acoumulation

Required for cccDNA transcription

Changing expression of genes important for
hepatocarcinogenesis

Recruitment of HP1 and consequently repressed viral
gene expression

Repressing cccDNA transcription

Downregulation of NF-kB and COX-2 transcription
Reducing replication, transcription, and antigen
secretion of HBV

Activation of LIGHT, CDA40L, IL-17 and INF-y,
increasing T cell proliferation, interferon production
Activation of HDAC7A, APO2, and TRALL, reducing
activities of NF-«B and AP-1

Activation of anti-apoptotic BCL-xL during
cholangiocyte senescence

Activation of CDKN2A during cholangiocyte
senescence

Activation of stress-related genes

Repression of stress and metabolic-associated genes
An critical role in liver regeneration after injury
Activation of TNFa and EGFR, inoreases MYC and
cyclin D1, activating HSCs

Activation of AP-1, Col1a1/2, TEAD, IGFBP-3 and NF-
«B, and activating HSCs, activation of TNFa-induced
COL2 transcription in LSECs

Repression of PPARy gene during cirthosis/inhibiting
HSCs proiferation and collagen deposition

Activation of aSMA, TIMP, Col1 and TGF-B1/
increasing HIF-1 nuclear transport, autophagosome
formation, and activation of HSC

TGF- overexpression

Repression of PPARy, CFTR, enhancing autophagy

Repression of IL-6, TNF-a, VEGFA, a-SMA and ColTal
Apoptosis of fibroblasts and liver tissue

Writer/Eraser/
inhibitor

P300/HDAC/TSA

38 MAPK
HDAC1

HAT (p300/CBP)

JMJD2B

KDM (Phf2)

MLL4/KMT2D/
SET7/9
Sirtuin deacetylase

PP2A
HAT1/HDAC |
HDAC

PRMT1

SETDB1, SET 1A/
LSD1

PRMTS

AURKB

p300/BRD4

HDAC3/
HDACH (VPA)
ASH1

KMT 7 (SET7/9)

Methyitransferas
EZH2

RNF20

BAP1

References

Park et al. (2012), Kirpich et al. (2013),
Restrepo et al. (2017)

Bardag-Gorce et al. (200), Kriss et al
(018)

Pal-Bhadra et al. (2007)

Pal-Bhadra et al. (2007)

Lee and Shukia (2007)

Aagaard-Tilery etal. (2008), Mikula et a
(2014)

Duetal. (2017), Caietal. (2018), Chung
et al. (2019), Rohrbach et al. (2019)

Siersbeek et al. (2017), Becares et al,
(2019)
Ui etal. (2012), Kim et al. (2020)

Bricambert et . (2018)

Li et al. (2008), Kim et al. (2016)
Jenke et al. (2014)

Duong et al. (2010)

Policino et al. (2006), Luo et al. (2013),
Koumbi et al. (2016), Yang et al. (2019)
Liu et al. (2013)

Duong et al. (2010)

Hiadl et al. (2021)
Riviére et al. (2015), Alarcon et al. (2016)

Zhang et al. (2017)
Madej6n et . (2015)
Luo et al. (2013)

Hu et al. (2011)
Hu et al. (2011)
O'hara et d. (2019)
O'hara et al. (2017)

Sinha et dl. (2016)

Sinha et dl. (2016)

Sinha et 4. (2016)

Yang et al. (2014), Sarr et al. (2016),
Zheng et al. (2020)

Liu et al. (2020), Yaoob et al. (2020)
Gao et al. (2021)

(Mannaerts et al,, 2010;
Rodriguez-Aguilera et al, 2018)
Perugorria et al. (2012), Hong et al.
(2018)

Sheen-Chen et al. (2014)

Zeybel et al. (2012), Yang et al. (2018)

Chen et al. (2021)
He et al. (2019)

Abbreviations: Alcohol dehydrogenase | (ADHI); Alpha-smooth muscle actin (aSMA); Angiopoetin-like 4 (Angtpl4); ATP-citrate lyase (ACLY); Aurora B kinase (AURKB); Carbohycrate-
responsive elements (ChoRE); Carbohydrate-responsive element-binding protein (ChREBF); Carnitine paimitoyltransferase- Talpha (CPT1alpha); Chemokine C-C ligand 2 (CCL2); Cyclin-
dependent kinase inhibitor 2A (CDKN2A); Cystic fibrosis transmembrane conaluctance regulator (CFTR); Cytochrome P450, family 4, subfamily a, polypeptide 14 (Cypdald); Fatty acid
synthase (FASN); Fibroblast growth factor 21 (Fgf21); Glutathione-S-transferase subunit Yc2 (GST Yc2); HDAC3 inhibitor Trichostatin A (TSA); Heterochromatin protein 1 factor (HP1);
Histone lysine demethylase-1 (LSD1); Homocysteine (Hey); Hypoxia-inducible factor-1 (HIF-1); Insuiin receptor substrate 2 (is2); Insulin-like growth factor binding protein-3 (IGFBP-3);
Lactate dehycrogenase (LDH). Nuclear factor, interleukin 3 regulated (NAl3); Nucear factor-x83 (NF-xB); Patatin-fike phospholpase domain-containing 3 (PNPLA3); Peroxisome proliferator
activated receptor (PPAR); Plant Homeodomain Finger 2 (Phf2); Polymerase 2 RNA (POL2); Protein phosphatase 2A (PP2A); Pyruvate dehydrogenase complex (PDHC); Sterol regulatory
elements (SRE); Sterol-regulatory element binding protein- (SREBP); Synectin (GIPC); Tissue inhibitor of metalloproteinase-1 (TIMP1); Transforming growth factor (TGF-f) Transcription
factor NF-E2-related factor 2 (Nrf2); Tumor necrosis factor alpha (TNFe): ring finger protein 20 (RNF20); BRCA1-Associated Protein 1 (BAP1):





OPS/xhtml/nav.xhtml
Contents

		Cover

		Mechanism and Therapeutic Opportunities of Histone Modifications in Chronic Liver Disease		1 Introduction

		2 Histones and Histone Modifications		2.1 Histones

		2.2 Histone Modifications

		2.3 Experimental Methods for Histone Modification Detection





		3 Histone Modifications in CLDs		3.1 Alcoholic Liver Disease (ALD)

		3.2 Metabolic Associated Fatty Liver Disease (MAFLD)

		3.3 Viral Hepatitis (Hepatitis B and Hepatitis C)

		3.4 Autoimmune Liver Disease

		3.5 Drug-Induced Liver Injury

		3.6 Liver Fibrosis/Cirrhosis





		4 Therapeutic Opportunities		4.1 Lifestyle Changes

		4.2 Potential Targets





		5 Current Challenges and Prospects

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Mechanism and Therapeutic
Opportunities of Histone
Modifications in Chronic Liver
Disease





OPS/images/fphar-12-784591-g001.gif





OPS/images/fphar-12-784591-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





