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Abstract

Abnormal epigenetic patterns are crucial for the progression of metabolic-associated

steatotic liver disease (MASLD) and hepatocellular carcinoma (HCC) development.

Recent research focused on the interplay between epigenetics and altered metabolic

pathways in HCC from MASLD, suggesting that the reversibility of epigenetic

changes offers potential for new therapeutic strategies. However, identifying effec-

tive epigenetic targets remains challenging due to the diverse etiologies of HCC.

Targeting metabolic reprogramming, MASLD-associated HCC shows promise in

reducing lipid anabolism. In this context, a more comprehensive understanding of
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metabolomic changes closely tied to druggable epigenetic modifications is of utmost

importance. This review provides a concise summary of the key factors driving hepa-

tocarcinogenesis in MASLD and delves deeper into the epigenetic mechanisms.

Finally, we aim to present an overview of the primary mechanisms concerning the

intricate bidirectional interplay between the metabolome and epigenetic modifica-

tions in MASLD-associated HCC, along with therapeutic strategies specifically target-

ing epigenetics and metabolomic alterations.
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1 | INTRODUCTION

Metabolic-associated steatotic liver disease (MASLD)-associated

hepatocellular carcinoma (HCC) represents a rapidly growing global

health concern.1 Chronic liver injuries resulting from MASLD and

metabolic-associated steatohepatitis (MASH) are increasing causes of

primary HCC.2 Among primary liver malignancies, HCC represents

75%–85%3 and is ranked as the fourth most prevalent cancer glob-

ally.4 Key risk factors for the progression of MASLD to HCC, even in

the absence of cirrhosis, include older age and the presence of meta-

bolic disease like diabetes.5,6

Epigenetics has emerged as a key area of study in understand-

ing MASLD and HCC development.7 An important feature of

MASLD-HCC is its ability to promote lipid accumulation, glycolysis,

and fatty acid synthesis, which collectively define a process known

as metabolic reprogramming.8 This adaptation is critical to meet

the biosynthetic demands of tumor growth.9 As previously

described, epigenetic changes and metabolic reprogramming are

deeply interconnected in MASLD-HCC progression.10 While the

emerging evidence on the epigenetic scars underlying the progres-

sion to HCC opens new horizons, their clinical translation is still

limited. This article review aims at bridging the different experi-

mental findings to support a comprehensive knowledge of this

field.

2 | MAIN DRIVING MECHANISMS FROM
MASLD TO HCC

In MASLD, main drivers for the development of HCC are insulin resis-

tance, lipotoxicity, oxidative DNA damage, and immune-related mech-

anisms. Additional factors, such as genetic predisposition, gut

dysbiosis, hepatic biomechanical alterations, and the use of alcohol

and tobacco, can further influence the risk.11 Impaired insulin sensitiv-

ity is responsible for cell proliferation and blocks cell death, promoting

liver cancer development. Frequent blood glucose peaks activate the

insulin receptor substrate-1/2 (IRS-1/2) pathway through phosphoi-

nositide 3-kinase (PI-3 K) and mitogen-activated protein kinase

(MAPK).12,13 High plasma insulin levels stimulate fat production via

the rapamycin complex-1/ Sterol regulatory element-binding protein

1 (SREBP-1) axis and angiogenesis through vascular endothelial

growth factor (VEGF) expression.14,15

Lipotoxicity, via lipid overload in hepatocytes, overcomes

antioxidant defenses, sustains chronic inflammation, and causes

cell death via lipid oxidation and reactive oxygen species (ROS)

production.16 Primary mechanisms are the stress of the endoplas-

mic reticulum (ER), mitochondrial damage, ER-mitochondrial con-

tacts, and lysosomal disruption, with consequent non-apoptotic

cell death.17,18 The ER, responsible for lipid production and pro-

tein folding, activates the unfolded protein response (UPR), a

driver of inflammation, cell death, and fibrosis. Interestingly,

besides lipid overload, high levels of fructose in the liver can trig-

ger ER stress via activation of NF-kB and Janus kinase.19 Lipotoxi-

city and ROS also induce ferroptosis, thanks to polyunsaturated

fatty acids peroxides (PUFA-OOH).20 Ferroptosis plays an impor-

tant role in sorafenib resistance in HCC, mediated by SLC27A5

downregulation.21

These metabolic processes are intricately regulated and interde-

pendent. For instance, insulin resistance drives hepatic lipid accumula-

tion but also exacerbates oxidative stress and inflammation, creating a

feedback loop that promotes both steatohepatitis and tumorigenesis.

Moreover, the interplay between metabolic dysregulation and

immune responses, as well as the influence of the gut-liver axis, fur-

ther adds layers of complexity to MASLD-HCC pathogenesis.

3 | GENETIC AND MOLECULAR RISK
MODIFIERS IN MASLD-ASSOCIATED HCC

Gene modifiers like specific single nucleotide polymorphisms (SNPs),

such as patatin-like phospholipase domain-containing 3 (PNPLA3) and

transmembrane 6 superfamily member 2 (TM6SF2), impact MASLD

severity, increasing the risk of complications like HCC.22 The PNPLA3

variant rs738409 disrupts normal triglyceride breakdown, leading to

fat accumulation in the liver.23 Each PNPLA3 risk allele confers a

2.2-fold increased risk of HCC, with GG homozygotes exhibiting up to
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a 5-fold higher risk compared to CC individuals.24 The rs58542926

variant of TM6SF2 is associated with higher cholesterol and fatty acid

production, with an increased risk of HCC by 1.92-fold.25,26 Similarly,

MBOAT7, the rs641738 C>T variant, is associated with reduced

hepatic MBOAT7 expression, leading to altered phospholipid compo-

sition, increased hepatic fat accumulation, and heightened ER stress.27

Moreover, the microsomal triglyceride transfer protein gene (MTTP)

variant, rs745447480, has been identified as a cause of MASLD-HCC

in homozygous individuals.28 Additionally, the impairment of the gly-

colysis inhibitor GCKR via the rs1260326 (P446L) variant was found

to be a key genetic modifier for MASLD to HCC progression, as

recently described.29

Certain genes frequently mutated in MASH-HCC include human

telomerase reverse transcriptase (hTERT), tumor protein p53 (TP53),

and catenin beta 1 (CTNNB1).30 Alterations in the hTERT gene allow

cancer cells to maintain telomere length in HCC.31 Mutations in the

Wnt/β-catenin signaling pathway include gain-of-function in CTNNB1

and loss-of-function in AXIN1.32,33 These mutations prevent β-catenin

from being properly degraded, which nuclear translocation sustains

cell division, angiogenesis, tumor infiltration, and metastases.34

Finally, many metabolic and molecular alterations such as muta-

tions in TERT, TP53, CTNNB1, and AXIN1 can be present across dif-

ferent etiologies. However, genetic variants like PNPLA3, TM6SF2,

and MBOAT7 are more strongly linked to MASLD-driven HCC, play-

ing a role in other liver diseases. This underscores the complexity of

metabolic regulation in liver cancer and the need for further studies to

define MASLD-specific mechanisms.

4 | METABOLIC REPROGRAMMING IN
MASLD-HCC

Functional disruptions in metabolic pathways are underlying pro-

cesses of MASLD-HCC (Figure 1; principal pathways from current lit-

erature in Table 1).35,36 Metabolic shift, via metabolic reprogramming,

is driven by lipid uptake, de novo lipogenesis (DNL), adipose tissue

F IGURE 1 Metabolic reprogramming in HCC progression from MASLD. Metabolic reprogramming in cancer involves increased lipid uptake,
de novo lipogenesis, adipose tissue lipolysis, decreased β-oxidation, and VLDL secretion. Lipid synthesis is driven by the upregulation of
SREBP1-c, which enhances the expression of key enzymes like ACC, SCD1, ACLY, and FASN. Acetyl-CoA and Malonyl-CoA are FASN substrates.
Lipid uptake is linked to increased FATP and LPL activity. Mutations in oncogenes like Ras and c-Myc increase glucose uptake via PI-3 K/Akt
signaling, promoting GLUT1 expression and its translocation to the cell surface. Akt also enhances hexokinase activity, trapping glucose in the
cell. The Warburg effect shifts metabolism toward gluconeogenesis and fat synthesis, diverting pyruvate away from the TCA cycle and oxidative
phosphorylation.
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lipolysis, decreased β-oxidation, and very low-density lipoprotein

(VLDL) secretion.37,38 IR hinders glucose oxidation and diverts carbo-

hydrates into the DNL pathway, promoting cell proliferation.39 In

MASLD and HCC, DNL is controlled by mammalian target of rapamy-

cin (mTOR), ChREBP, and SREBP1-c that, through acetyl-CoA carbox-

ylase (ACC), stearoyl-CoA desaturase 1 (SCD1), and ATP citrate lyase

(ACLY), sustain lipid synthesis.40,41 Importantly, in MASLD-HCC

progression, a key driving factor is the uptake of circulating fatty

acids, which is correlated with the increase in fatty acid transport

proteins (FATPs) and hepatic lipases and lipoprotein lipase (LPLs) in

response to IR.42 Moreover, patients with MASH have shown

impaired synthesis and secretion of lipoproteins, resulting from com-

promised hepatocellular function.43 The reduced synthesis of apoli-

poprotein B-100, essential for VLDL uptake, may be related to an

imbalanced redox state, hyperinsulinemia, and lower protein levels

in hepatocytes with consequent lipid accumulation in the liver.

Aerobic glycolysis, commonly referred to as the Warburg effect, is a

key feature of cancer-related metabolic changes.44 Due to the

Warburg effect, cells convert glucose into lactic acid and generate

metabolic intermediates of lipid (e.g., glycerol-3-phosphate), pro-

teins (e.g., serine), and nucleic acids synthesis (e.g., ribose-5-phos-

phate). Altered expression in oncogenes such as c-Myc affects PI-3/

Akt signaling, promoting the expression of the glucose transporter

1 (GLUT1) and its relocation to the hepatocyte surface.45 While Myc

activation is a recognized driver of glycolytic reprogramming in

HCC, its prevalence varies by etiology. Myc is overexpressed in up

to 70% of viral or alcohol-related HCC, and functional studies show

that Myc upregulates GLUT1 expression in HCC cell lines and tumor

tissues.46 However, immunohistochemical analysis reveals that

GLUT1 protein is detectable in approximately 13% of HCC cases,

with higher expression correlating with advanced tumor stage and

poor differentiation.45 These findings indicate that while Myc–

GLUT1 axis activation is biologically significant, it is present in only

a subset of HCCs, and its specific prevalence in MASLD-HCC

remains to be clarified. Further uptake of glucose is sustained by the

Ras protein.45 Lack of insulin sensitivity promotes the gluconeogenic

pathway and de novo fat synthesis, resulting in hyperglycemia and

hepatic steatosis. Aberrant hyperactivation of glycolysis, due to the

Warburg effect, is crucial in promoting the progression from MASLD

to MASH, cirrhosis, and HCC.

5 | TWO-WAY RELATIONSHIP BETWEEN
EPIGENETICS AND METABOLIC
REPROGRAMMING IN MASLD-HCC

Emerging evidence highlights the strategic role of epigenetic changes

in regulating the development and progression of MASLD and HCC.7

Epigenetic mechanisms are driven by extracellular factors and intracel-

lular regulators (writers, erasers, and readers) like non-coding RNAs

(ncRNAs), DNA methylation, and histone modifications, as illustrated

in Figure 2.

As previously described, tumors establish a two-way communica-

tion between metabolic reprogramming and epigenetic alterations

(Table 1).7 Indeed, various metabolic intermediates, including those

ones influenced by dietary changes and obesity, reshape chromatin

structure by regulating enzymes activity or directly modify chromatin,

thereby affecting gene expression. Conversely, alterations in the

expression or activity of specific epigenetic enzymes, such as DNA

methyltransferases (DNMTs), histone acetyltransferases (e.g., p300/

CBP), histone deacetylases (e.g., HDAC3, SIRT1), and histone methyl-

transferases (e.g., EZH2), can create a hepatic microenvironment that

promotes MASLD progression and tumor development. This “positive
MASLD microenvironment” it means the epigenetically and metaboli-

cally altered liver state that is conducive to disease progression, is

characterized by increased lipid accumulation, inflammation, and

fibrogenesis. These epigenetic changes not only drive neoplastic

transformation by modulating fibrogenic, proliferative, angiogenic, and

invasive pathways, but also disrupt normal metabolic regulation, fur-

ther fueling carcinogenesis.

5.1 | Non-coding RNAs

Non-coding RNAs (ncRNAs), including microRNAs (miRNAs), long

non-coding RNAs (lncRNAs), and circular RNAs (circRNAs), regulate

TABLE 1 Relative importance and therapeutic promise of metabolic pathways in MASLD-HCC.

Pathway Role in MASLD-HCC progression Key targets/enzymes

Promising therapies/

status

Relative

importance

Lipid metabolism Drives tumor growth, steatosis SREBP-1c, FASN, ACC, SCD1 FASN inhibitors

(TVB-2640), SREBP-1c

inh.

Highest

Glucose metabolism Fuels rapid proliferation GLUT1, HK2, mTOR Metformin, HK2/GLUT1

inhibitors

High

Amino acid metabolism Supports biosynthesis, redox balance GLS1, glutamine transport GLS1 inhibitors (CB-839) Moderate-High

Mitochondrial metabolism Provides metabolic flexibility Complex I, IDH1/2 Metformin, IDH

inhibitors

Moderate

Immune metabolism Modulates immune escape MCT1, PD-1 MCT1 inhibitors +

immunotherapy

Emerging
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gene expression and play a pivotal role in the progression from

MASLD to HCC, as already described.47,48 miRNAs are small single-

stranded RNAs (�22 nt) that modulate mRNA by degradation or

translational inhibition, the dysregulation of which is involved in

tumorigenesis, including HCC. For example, miR-21 promotes fibrosis

and hepatocarcinogenesis via phosphatase and tensin homolog

(PTEN) downregulation and Kruppel-like factor 5 (KLF5) suppression,

which enhances liver cancer cell invasiveness and VEGF release.49,50

Upregulation of miR-155 in MASLD models reduces CCAAT enhancer

binding protein beta (C/EBP-β), contributing to tumor progression.51

Onco-miRNAs like miR-221, miR-222, and miR-103a promote cancer

progression by inhibiting tumor suppressor genes.52 Conversely,

tumor-suppressive miRNAs, such as miR-122 and miR-26, are down-

regulated in HCC, leading to disease progression. For example, miR-

122 depletion impairs lipid metabolism and promotes fibrosis, but its

restoration improves liver function in mice.53 miRNAs also influence

metabolic dysregulation in MASLD-HCC. For instance, miR-21-5p

correlates with steatosis severity and alters the structure, function,

and expression of proteins essential for mitochondrial integrity

(e.g., as Drp1 and OPA1) that are regulated by PPAR-α, altering

hepatic metabolomics.54,55

lncRNAs (>200 nt) contribute to HCC progression through tumor-

igenic pathways. MALAT1, upregulated in MASLD, enhances the

Wnt/β-catenin pathway, while NEAT1 promotes fibrosis and inflam-

mation via the miR-506/GLI3 axis.56,57 Cancer susceptibility candidate

2 (CASC2) acts as a tumor suppressor by targeting miR-155, restoring

suppressors of cytokine signaling 1 (SOCS1) expression and inhibiting

HCC proliferation.58 Nuclear enriched abundant transcript 1 (NEAT1)

also modulates lipid metabolism, with its overexpression linked to

increased ACC and fatty acid synthase (FASN) levels, promoting

MASLD.59 NEAT1 is one of the most overexpressed long non-coding

RNAs in HCC. Multiple studies have shown NEAT1 upregulation in

most HCC tissues compared to adjacent normal liver, with one cohort

reporting high NEAT1 expression in 56 out of 81 HCC cases (69%).60

Elevated NEAT1 levels are associated with larger tumor size, higher

grade, and poor prognosis.61,62 While these data support a frequent

role for NEAT1 in HCC biology, the exact proportion in MASLD-HCC

specifically is not yet established, highlighting the need for etiology-

stratified studies.

While most studies on circRNAs have focused on their role in

HCC broadly, emerging data suggest that circRNA dysregulation may

also contribute to MASLD progression and MASLD-associated hepa-

tocarcinogenesis. In fact, circular RNAs (circRNAs) are aberrantly

expressed in HCC.63,64 circRNA RHOT1 promotes HCC by promoting

NR2f6 expression.65 circRNAs also influence fibrosis, as circCREBBP

mitigates CCl4-induced fibrosis by enhancing left–right determination

factor 2 (LEFTY2) expression.66 Additionally, circMAT2B accelerates

HCC progression by promoting glycolysis under hypoxic conditions,

sponging miR-338-3p, and upregulating pyruvate kinase M1/2

(PKM2).67 However, direct evidence linking specific circRNAs to

F IGURE 2 Principal epigenetic mechanisms involved in MASLD-HCC progression. There are three regulatory systems: DNA methylation,
chromatin remodeling through histone modifications, and non-coding RNAs (ncRNA). In HCC, methylation changes include hypermethylation in
tumor suppressor gene promoters, altered expression of DNMTs, and hypomethylation. Histones undergo key post-translational modifications
(PTMs) like methylation and acetylation. NcRNA are classified as long non-coding RNA, microRNA, further divided into OncomiR and tumor
suppressor (TS) miRNA, and circular RNA.
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MASLD-HCC remains limited, and further research is needed to clarify

their disease-specific roles.

5.2 | Non-coding RNA's role in oxidative lipid
metabolism

Oxidative lipid metabolism is a key driver of hepatocyte injury and

carcinogenesis in MASLD, as chronic lipid overload and increased

β-oxidation generate reactive oxygen species that promote inflamma-

tion, fibrosis, and malignant transformation. These mechanisms are

particularly relevant in MASLD-HCC, where metabolic stress and lipo-

toxicity accelerate disease progression. Recent literature on ncRNAs

underscored that besides their role in metabolism, they can regulate

cell death signaling like ferroptosis, which is inhibited by ncRNAs

favoring cancer progression.68 For example, miR-23a-3p upregulation

promotes resistance to sorafenib-induced ferroptosis by directly bind-

ing acyl-coenzyme A synthetase long chain family member 4 (ACSL4)

mRNA in the 3’ UTR region.69 Another well-described key regulatory

system in ferroptosis is the solute carrier family 7 member

11 (SLC7A11)-GSH-GPX4 axis.70 GPX4, a glutathione (GSH) peroxi-

dase, reduces lipid hydroperoxides using GSH, protecting cells from

ferroptosis. Several dysregulated ncRNAs can boost this protective

system in HCC, thereby increasing drug resistance.

5.3 | Role of methylation in the metabolic
reprogramming of MASLD-induced HCC

DNA methylation, regulated by DNA methyltransferases (DNMTs),

significantly influences gene expression by transferring methyl groups

from S-adenosylmethionine (SAM) to cytosine in CpG sites. DNMT1

maintains methylation patterns during cell division, while DNMT3A

and DNMT3B perform de novo methylation. In cancer, methylation

abnormalities include hypermethylation of tumor suppressor gene

(TSG) promoters, altered DNMT expression, and hypomethylation of

repetitive sequences.71

A study of 306 HCC patients revealed reduced overall DNA

methylation with hypermethylation at TSG promoters like Ras associ-

ation domain family member 1 (RASSF1) and neurogenic locus notch

homolog protein 3 (NOTCH3), underscoring methylation's role in

HCC development.72 Similarly, under MASH-induced necroinflamma-

tion, hypomethylation leads to aberrant overexpression of oncogenes

such as DDB1 and CUL4-associated factor 4 like 2 (DCAF4L2) and

tubulin alpha 1b (TUBA1B), contributing to carcinogenesis.73 Dishev-

eled binding antagonist of beta catenin 2 (DACT2) is a tumor suppres-

sor that inhibits Wnt/β-catenin signaling. Aberrant activation of

Wnt/β-catenin is a shared feature of both advanced MASLD and

HCC, promoting hepatocyte proliferation and tumor progression. In

HCC, low DACT2 expression and Wnt signaling dysregulation are

observed in 58.84% of HCC cases.74 Reduced DACT2 expression and

increased β-catenin signaling have also been reported in advanced

metabolic liver disease, suggesting that epigenetic silencing of DACT2

may contribute to a mechanistic continuum from MASLD progression

to HCC by permitting unchecked Wnt/β-catenin activity.75

Epigenetic changes influence metabolic dysregulation in response

to oxidative stress, fibrogenesis, and carcinogenesis. Hyper- or

hypomethylation of specific genes, like PPARG coactivator 1 Alpha

(PPARGC1-A), affects fatty acid β-oxidation and correlates with

insulin resistance in MASLD patients.76 Studies also show methyla-

tion differences between mild and advanced MASLD, with

hypomethylation-linked upregulation of damage-response genes in

advanced disease. Recent research highlights mitochondrial DNA

methylation's role in MASLD.77 Increased methylation, as shown in

cells overexpressing methyltransferases, such as DNMTs and PEMT,

can disrupt the expression of genes involved in mitochondrial function

and bile acid metabolism. For example, PEMT-mediated methylation is

crucial for phosphatidylcholine synthesis, which is required for both

VLDL secretion and bile acid production.78 Dysregulation of these

methyltransferases may contribute to mitochondrial dysfunction and

abnormalities in bile acid metabolism, promoting MASLD progression.

These impairments, linked to bile acid metabolism abnormalities, con-

tribute to MASLD/MASH progression and its transition to HCC.79

5.4 | Histone modifications and histone variants

Histone modifications are key regulators of gene expression and chro-

matin structure, involving processes like lysine acetylation, methyla-

tion, and phosphorylation.

Acetyltransferases (HATs) activate gene expression, while deace-

tylases (HDACs) silence it. The coactivator p300, a member of the

HAT family, regulates transcription factors like nuclear factor

kappa B subunit 1 (NF-κB) and carbohydrate-responsive element-

binding protein (ChREBP), which are central to lipid synthesis and

inflammation in hepatic steatosis and HCC.80 Overexpression of

p300 in HCC promotes glycolysis-related gene transcription

through H3K27 and H3K18 acetylation, contributing to tumor pro-

gression and resistance.81

The expression of various HDACs is upregulated in MASLD and

MASLD-HCC and is associated with increased tumor aggressiveness,

immune escape, and metabolic dysregulation.7 HDACs modulate chro-

matin accessibility and are divided into zinc-dependent (HDAC1-11)

and NAD+-dependent (sirtuin 1–7) classes.82 Dysregulation of

HDACs is associated with increased tumor aggressiveness, insulin

resistance, and HCC development, such as for HDAC8 or

HDAC3.83,84 Specifically, HDAC3 and HDAC8 have been implicated

in promoting insulin resistance and β-catenin activation in MASLD-

associated HCC, while inhibition of HDAC2 and HDAC3 has been

shown to ameliorate hepatic steatosis and inflammation in experimen-

tal models. Moreover, HDAC activity in the liver correlates with meta-

bolic parameters and disease severity in MASLD patients, highlighting

the contribution of HDACs to the progression from steatosis to stea-

tohepatitis and HCC.85 These findings underscore the relevance of

HDACs as potential therapeutic targets in MASLD and its

complications.
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Sirtuins (SIRTs) play dual roles in cancer. SIRT1 suppresses tumor

growth by reducing inflammation and promoting oxidative metabo-

lism, while SIRT6's role is controversial, linked to both oncogenic

effects and tumor invasion.86,87

Histone methylation, mediated by enzymes like histone

methyltransferases (HMTs) and histone lysine demethylases

(KDMs), is critical for maintaining genome integrity. Modifications

such as H3K27me3 (mediated by enhancer of zeste homolog

2 [EZH2]/KMT6) repress gene expression and enhance Wnt/β-

catenin signaling, driving HCC aggressiveness.88 EZH2 inhibitors

have shown potential in boosting immune-mediated cancer cell

eradication.89 Epigenetic modifications also influence cancer stem

cell (CSC) metabolism in HCC. Loss of the histone variant

macroH2A1 in poorly differentiated tumors leads to CSC-like char-

acteristics and triglyceride accumulation.90

Furthermore, emerging histone post-translational modifications

(HPTMs) have been recently described as having an effect on HCC

biology, including tumor proliferation, metabolic reprogramming,

immune evasion, and therapeutic resistance.91 Among these, histone

lactylation, directly linking cellular metabolism to epigenetic regula-

tion, has emerged as a critical player. For example, lactate-driven

histone H2B lactylation has been shown to promote senescence resis-

tance in HCC by modulating the expression of target genes like

NDRG1, thereby contributing to tumor progression and heterogene-

ity.92 Furthermore, histone serotonylation represents another layer of

this complex regulatory network. The enzymatic activity of Transglu-

taminase 2 (TGM2) mediates histone H3 glutamine 5 serotonylation

(H3Q5ser), a modification that actively promotes HCC progression.

This occurs, at least in part, through the potentiation of the MYC

oncogenic signaling pathway, identifying TGM2-mediated serotonyla-

tion as a novel axis in HCC pathogenesis and a potential therapeutic

target.93 The continued elucidation of these novel HPTMs, their spe-

cific writers, readers, and erasers, and their functional consequences

in HCC is crucial. However, the role of HPTMs in MASLD-associated

HCC has not been fully addressed, and more studies are needed to

further characterize the HPTMs in this specific context.

5.5 | Role of epi-transcriptomic modifications in
metabolic reprogramming of HCC

Epi-transcriptome is also involved in the metabolic reprogramming of

HCC. N6-methyladenosine (m6A) methylations are internal mRNA

modifications catalyzed by m6A writer methyltransferases such as

methyltransferase 3, N6-Adenosine-methyltransferase complex cata-

lytic subunit (METTL3) and removed by eraser demethylases like FTO

and AlkB homolog 5 (ALKBH5).94 Analysis of the m6A methylome in

mice with a high-fat diet indicated significant hypermethylation in lipid

metabolism-associated mRNA genes.95 This alteration exacerbates

hepatic FA synthesis and storage, contributing to the advancement of

MASLD and HCC.96 Specifically, Yang et al. used a MASLD mouse

model knockout for Tmem30a, which is based on lipid metabolism dis-

order caused by type 2 diabetes mellitus (DM2) and not simply

attributable to SREBP1-c hyperactivation. In this case, MASLD is linked

to excessive m6A methylation in ACLY and SCD1 mRNAs. The same

study also demonstrated that the alteration in lipid metabolism is corre-

lated with increased m6A methylation of genes involved in DNL by the

upregulated expression of METTL14 and METTL3 in HCC patients.

5.6 | Mechanisms through which metabolic
reprogramming influences epigenetic modifications
in HCC

Histone acetylation, driven by acetyl-CoA derived from citrate, links

glucose metabolism to epigenetic regulation. Disruptions in HAT/

HDAC activity impact gene expression, contributing to MASLD-

associated cancer development.97 SIRT2, overexpressed in HCC, dea-

cetylates phosphoglycerate mutase 5 (PGAM5) at lysine K191, acti-

vating its phosphatase function toward NADP-dependent malic

enzyme (ME1), which promotes lipid synthesis and tumor cell prolifer-

ation.98 ME1 connects glycolysis to the TCA cycle, further driving

fatty acid biosynthesis.98 S-adenosylmethionine (SAM) is a critical

methyl group donor in methionine metabolism, and its imbalance dis-

rupts epigenetic regulation, contributing to HCC progression.99–102

Glycine-N-methyltransferase (GNMT), the primary hepatic methyl-

transferase, regulates SAM availability and HAT activity.103 GNMT

deficiency elevates SAM levels, leading to MASLD and HCC by pro-

moting metabolic shifts toward polyamine catabolism, lipogenesis, and

GSH synthesis.99 Methionine adenosyltransferase 1A (MAT1A),

essential for SAM synthesis, also plays a crucial role in SAM/SAH

balance. MAT1A deficiency lowers SAM levels and predisposes

individuals to MASLD-associated HCC, while MAT1 promoter

hypermethylation has been linked to hyperhomocysteinemia in cirrho-

sis.104,105 Both endogenous SAM imbalance and nutritional methyl

group deficiency impact epigenetic regulation. In murine models with

a methyl-deficient diet, hepatic steatosis leads to significant demeth-

ylation of the genome and repetitive elements due to reduced

DNMT1 and KMT RIZ1 activity, accompanied by the loss of H3K27

and H4K20 trimethylation, impairing genome integrity.106 Main mech-

anisms of metabolic reprogramming influencing epigenetics in

MASLD-HCC are in Figure 3.

6 | GUT MICROBIOTA AND EPIGENETIC
ALTERATIONS IN METABOLIC
REPROGRAMMING OF MASLD-
INDUCED HCC

Intestinal dysbiosis results in the production of metabolites including

short-chain fatty acids (SCFAs), bile acids (BAs), ethanol, tryptophan

metabolic intermediates, and branched-chain amino acids, which are

associated with MASLD and HCC development.107 These metabolites

actively take part in key epigenetic alterations in HCC development.

One significant modification is the alteration of DNA methylation

and acetylation by SCFAs. SCFAs reduce the expression of DNMT1
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and methyl-CpG binding domain protein 2 (MBD2), which prevents

these enzymes from binding to the promoters of adiponectin and resis-

tin, two important adipokines in white adipose tissue.108 The mRNA

expression of adiponectin and resistin is upregulated due to promoter

gene demethylation, thereby restoring gene transcription. Adiponectin

and resistin can influence MASLD progression. SCFAs also deregulate

the balance between acetylation and deacetylation by increasing HATs'

activity. SCFAs acetylate p70S6 kinase, which is normally deacetylated

in T cells, thereby promoting T cell differentiation in inflamed liver tis-

sue.108 Conversely, emerging evidence suggests that acetate produced

by normal microbiota has protective functions. An interesting study

revealed that the immunomodulatory power of bacterial-derived ace-

tate on innate lymphoid cells ILC3 involves an interesting epigenetic

mechanism. In mice with HCC, where Lactobacillus reuteri is significantly

reduced and ILC3-producing interleukin (IL)-17A is increased, fecal

transplantation and acetate administration decrease tumor growth and

improve tumoral sensitivity to programmed cell death protein 1 (PD-1)

treatment.109 Finally, gut microbiota alterations across the MASLD

spectrum, with obesity and disease severity (fibrosis, HCC), drive dis-

tinct microbial signatures. Lean MASLD and MASLD-HCC patients

show unique microbial and mycobiome features, though more research

is needed for lean MASLD (Table 2).

7 | TARGETING EPIGENETICS AND
METABOLIC REPROGRAMMING OF HCC

Recent years have been characterized by significant advances in the

clinical development of therapies targeting epigenetic mechanisms

and metabolic pathways in MASLD-HCC. However, most are still in

early-phase trials or preclinical stages. Several classes of epigenetic

drugs (“epidrugs”), including DNA methyltransferase inhibitors

(DNMTis), histone deacetylase inhibitors (HDACis), and bromodomain

inhibitors, are under investigation for HCC, with some showing prom-

ise specifically in MASLD-driven disease (Table 3). These epidrugs,

which specifically target epigenetic regulators, offer potential long-

term reprogramming and restoration of chemotherapy sensitivity by

modifying the tumor microenvironment (TME).110,111 DNMT inhibi-

tors like 5-azacytidine and decitabine restore tumor suppressor gene

expression, enhance differentiation, and improve sorafenib sensitiv-

ity.112 The second-generation DNMT inhibitor guadecitabine is more

F IGURE 3 Mechanisms through which metabolic reprogramming influences epigenetics in MASLD-HCC. Hyperactivated FASN drives
Acetyl-CoA into lipid synthesis, disrupting HAT/HDAC activity. Deficiency in DNMT or MAT1A, or both impacts SAM/SAH balance that is
essential for the methylation activity by epigenetic modifiers, leading to epigenetic changes in metabolic and carcinogenic pathways.

TABLE 2 Key microbiota features.

Group Key microbiota features Notes

Lean MASLD Distinct mycobiome

changes (" Mucor,

C. albicans), (low data)

Microbial shifts

independent of

obesity125

Obese MASLD " Translocation of gut

bacteria (e.g.,

Enterococcus,

Morganellaceae), "
Bacteroidetes/Firmicutes

(liver), # Lachnospiraceae

Obesity drives fecal

microbiome more than

MASLD126

MASLD-HCC " Pathogenic bacteria

(Bacteroides, E. coli,

Enterobacteriaceae), #
diversity, " fungal taxa

(C. albicans)

Linked to advanced

fibrosis, barrier

dysfunction127
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resistant to enzymatic degradation. HDAC inhibitors such as panobi-

nostat induce apoptosis, suppress angiogenesis, and modulate tumor

metabolism.113 Among histone-modifying drugs, EZH2 inhibitors like

GSK126 enhance natural killer (NK) cell activity in HCC, while dual

inhibitors like CM272 (targeting DNMT1 and G9a) improve tumor

suppressor gene activation while reducing tumor proliferation.89,114

Epigenetic modifications are also being explored for MASLD-HCC

chemoprevention, as evidenced by bromodomain and extra terminal

domain 4 (BRD4) inhibitors, which significantly reduced tumor pro-

gression in MASH-HCC models.115

Inhibiting oncogenic miRNAs provides another potential epigenetic

intervention. miR-221/222, which suppress apoptosis by modulating

Bcl2-modifying factor (Bmf), is a key target.116 Antisense oligonucleo-

tides (antagomirs) effectively silence miRNAs, with studies showing

miR-221 antagonists markedly reduce expression in vivo.117,118

Emerging evidence supports targeting ferroptosis against drug

resistance.119 While ncRNAs are known to regulate ferroptosis

through lipid and iron metabolism modulation, no inhibitor targeting

the ncRNA-ferroptosis axis has reached clinical trials.

Since metabolic dysregulation is central to MASLD-HCC, target-

ing key metabolic pathways has shown therapeutic potential. Hexoki-

nases (HKs) catalyze the first irreversible step of glycolysis, making

them attractive targets. In HCC models, chrysin, a natural flavone,

inhibits HK2, reducing glycolysis and inducing apoptosis by activating

mitochondrial Bax in a dose-dependent manner.120 Dysregulated lipid

anabolism is another promising target, particularly fatty acid synthase

inhibitors.121,122

Inhibiting p300/CBP has shown efficacy in hematologic malignan-

cies, prostate, and colorectal cancer. The selective p300/CBP inhibitor

A-485 exhibited anti-tumor effects in lineage-specific cancers.123

Recent findings by Cai et al. further highlight p300/CBP's role in regu-

lating glycolysis, amino acid metabolism, and nucleotide synthesis.

The B029-2 inhibitor reduces glycolysis and metabolic gene expres-

sion by blocking p300/CBP acetylation activity.81

7.1 | Challenges of targeting epigenetic
modifications

Besides the exciting therapeutic opportunities, significant challenges

limit their clinical application, particularly regarding drug specificity

and off-target effects. The lack of specificity increases the risk of

adverse effects, especially in solid tumors like HCC, where the tumor

and surrounding healthy tissue may both be affected. In fact, systemic

administration can expose non-diseased tissues. DNA methyltransfer-

ase (DNMT) and histone deacetylase (HDAC) inhibitors lack locus

specificity and act broadly across the genome, leading to widespread

alterations in gene expression that can disrupt normal cellular func-

tions and cause unintended toxicity.124 Moreover, the complex and

heterogeneous nature of HCC further complicates the identification

of optimal epigenetic targets, as different etiologies and tumor sub-

types may be characterized by distinct epigenetic landscapes. While

novel approaches such as locus-specific epigenetic editing and RNA-

based therapies are under development to improve precision, these

remain largely experimental and face additional challenges related to

delivery, durability, and safety before clinical translation. Therefore,

although the reversibility of epigenetic changes makes them attractive

therapeutic targets, overcoming the issues of specificity, off-target

effects, and efficient delivery is essential for the successful application

of epigenetic therapies in MASLD-HCC.

TABLE 3 List of clinical trials.

Target class Drug Mechanism of action Development stage

DNMT inhibitors 5-Azacytidine, Decitabine Restore tumor suppressor gene expression, enhance

differentiation, improve sorafenib sensitivity113
Clinical trials

Guadecitabine Second-generation, more resistant to enzymatic

degradation113
Clinical trials

HDAC inhibitors Panobinostat Induces apoptosis, suppresses angiogenesis, modulates

tumor metabolism114

Clinical trials

EZH2 inhibitors GSK126 Enhances NK activity115 Preclinical

Dual DNMT1/G9a inhibitors CM272 Activates tumor suppressor genes, reduces tumor

proliferation90,115
Preclinical

BRD4 inhibitors (Not specified) Reduced tumor progression in MASH-HCC models113 Preclinical

miRNA targeting Anti-miR-221/222 Suppress anti-apoptotic signaling via Bmf

modulation117–119
Preclinical

Glycolysis (HK2) Chrysin Inhibits HK2, reduces glycolysis, induces mitochondrial

apoptosis in dose-dependent manner121
Preclinical

Lipogenesis (FASN) FASN inhibitors Block lipid anabolism in HCC122,123 Preclinical

p300/CBP inhibitors A-485 Selective acetylation inhibitor, anti-tumor effects in

lineage-specific cancers124
Clinical trials

(other cancers)

B029-2 Inhibits acetylation activity, reduces glycolysis and

metabolic gene expression81
Preclinical
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8 | CONCLUSIONS AND FUTURE
PERSPECTIVES

Global burden of MASLD-associated HCC is increasing, with early

diagnosis as a major challenge; late-stage detection drives poor prog-

noses. Sorafenib remains a frontline therapy. Rising resistance

rates underscore the urgent need for alternative treatment strate-

gies. Emerging evidence highlights the crucial interplay between

metabolic reprogramming and epigenetic alterations in MASLD-

HCC progression, revealing promising therapeutic approaches such

as targeting lipid metabolism, ferroptosis pathways, and epigenetic

regulators, including DNA methylation, histone modifications, and

non-coding RNAs. Although epidrugs and metabolic inhibitors

have shown efficacy in preclinical models, clinical translation

remains limited, with experience from other cancer types in-

dicating that epigenetic therapies often require combination

approaches for sustained benefit.

To bridge these gaps, future research in MASLD-HCC may priori-

tize the development and validation of etiology-specific biomarkers and

risk stratification tools to enable earlier detection, particularly in non-

cirrhotic patients. Mechanistic studies integrating the latest tools are

needed to unravel the unique metabolic and epigenetic interplay in

MASLD-driven hepatocarcinogenesis and to identify novel druggable

targets and patient subgroups most likely to benefit from targeted

interventions. Clinical trials may enroll and stratify specifically MASLD-

HCC patients, rigorously evaluating existing and novel agents, including

metabolic modulators either as monotherapies or in combinations.

Moreover, given the complex tumor microenvironment and potential

for immune evasion in MASLD-HCC, the combination of strategies

aimed at integrating metabolic or epigenetic agents with immunother-

apies, such as immune checkpoint inhibitors, may be promising. Fur-

thermore, research should address the optimal sequencing of therapies

and the development of predictive biomarkers for response and resis-

tance. Importantly, continued refinement of lifestyle and preventive

interventions remains essential, as these may synergize with pharmaco-

logic approaches to reduce the overall burden of MASLD-HCC.

AUTHOR CONTRIBUTIONS

Chiara Aiello: Conceptualization; writing – original draft; writing –

review and editing; visualization. Eric Felli: Conceptualization;

writing – original draft; writing – review and editing. Teresa Musarra:

Supervision. Lorenzo Nevi: Writing – review and editing; visualization.

Annamaria Altomare: Supervision. Jordi Gracia-Sancho: Writing –

review and editing; supervision. Andrea Baiocchini: Conceptualiza-

tion; supervision. Simone Carotti: Conceptualization; writing – original

draft; writing – review and editing; supervision.

ACKNOWLEDGMENT

Open access publishing facilitated by Universita Campus Bio-Medico

di Roma, as part of the Wiley - CRUI-CARE agreement.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

ORCID

Lorenzo Nevi https://orcid.org/0000-0003-0924-2551

REFERENCES

1. Crane H, Eslick GD, Gofton C, et al. Global prevalence of metabolic

dysfunction-associated fatty liver disease-related hepatocellular car-

cinoma: a systematic review and meta-analysis. Clin Mol Hepatol.

2024;30(3):436-448. doi:10.3350/cmh.2024.0109

2. Villanueva A. Hepatocellular carcinoma. N Engl J Med. 2019;380(15):

1450-1462. doi:10.1056/NEJMra1713263

3. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A.

Global cancer statistics 2018: GLOBOCAN estimates of incidence

and mortality worldwide for 36 cancers in 185 countries. CA Cancer

J Clin. 2018;68(6):394-424.

4. Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. CA Cancer

J Clin. 2024;74(1):12-49. doi:10.3322/caac.21820

5. Kanwal F, Kramer JR, Mapakshi S, et al. Risk of hepatocellular cancer

in patients with non-alcoholic fatty liver disease. Gastroenterology.

2018;155(6):1828-1837.e2. doi:10.1053/j.gastro.2018.08.024

6. Yang JD, Ahmed F, Mara KC, et al. Diabetes is associated with

increased risk of hepatocellular carcinoma in patients with cirrhosis

from nonalcoholic fatty liver disease. Hepatology. 2020;71(3):907-

916. doi:10.1002/hep.30858

7. Li A, Wang R, Zhao Y, Zhao P, Yang J. Crosstalk between epigenetics

and metabolic reprogramming in metabolic dysfunction-associated

steatotic liver disease-induced hepatocellular carcinoma: a new sight.

Metabolites. 2024;14(6):325. doi:10.3390/metabo14060325

8. Ward PS, Thompson CB. Metabolic reprogramming: a cancer hall-

mark even warburg did not anticipate. Cancer Cell. 2012;21(3):297-

308. doi:10.1016/j.ccr.2012.02.014

9. Martínez-Reyes I, Chandel NS. Cancer metabolism: looking forward.

Nat Rev Cancer. 2021;21(10):669-680. doi:10.1038/s41568-021-

00378-6

10. Sun L, Zhang H, Gao P. Metabolic reprogramming and epigenetic

modifications on the path to cancer. Protein Cell. 2022;13(12):877-

919. doi:10.1007/s13238-021-00846-7

11. Valenti L, Pedica F, Colombo M. Distinctive features of hepatocellu-

lar carcinoma in non-alcoholic fatty liver disease. Dig Liver Dis. 2022;

54(2):154-163. doi:10.1016/j.dld.2021.06.023

12. Park JB, Moon GH, Cho A, et al. Neddylation of insulin receptor

substrate acts as a bona fide regulator of insulin signaling and its

implications for cancer cell migration. Cancer Gene Ther. 2024;31(4):

599-611. doi:10.1038/s41417-024-00729-z

13. Jorgensen SH, Emdal KB, Pedersen AK, et al. Multi-layered pro-

teomics identifies insulin-induced upregulation of the EphA2

receptor via the ERK pathway which is dependent on low IGF1R

level. Sci Rep. 2024;14(1):28856. doi:10.1038/s41598-024-

77817-5

14. Shimano H, Sato R. SREBP-regulated lipid metabolism: convergent

physiology–divergent pathophysiology. Nat Rev Endocrinol. 2017;

13(12):710-730. doi:10.1038/nrendo.2017.91

15. Laplante M, Sabatini DM. mTORC1 activates SREBP-1c and uncou-

ples lipogenesis from gluconeogenesis. Proc Natl Acad Sci U S A.

2010;107(8):3281-3282. doi:10.1073/pnas.1000323107

16. Musso G, Cassader M, Paschetta E, Gambino R. Bioactive lipid spe-

cies and metabolic pathways in progression and resolution of nonal-

coholic steatohepatitis. Gastroenterology. 2018;155(2):282-302.e8.

doi:10.1053/j.gastro.2018.06.031

17. Geng Y, Faber KN, de Meijer VE, Blokzijl H, Moshage H. How does

hepatic lipid accumulation lead to lipotoxicity in non-alcoholic fatty

liver disease? Hepatol Int. 2021;15(1):21-35. doi:10.1007/s12072-

020-10121-2

18. Jin C, Felli E, Lange NF, Berzigotti A, Gracia-Sancho J, Dufour JF.

Endoplasmic reticulum and mitochondria contacts correlate with the

2000 AIELLO ET AL.

https://orcid.org/0000-0003-0924-2551
https://orcid.org/0000-0003-0924-2551
info:doi/10.3350/cmh.2024.0109
info:doi/10.1056/NEJMra1713263
info:doi/10.3322/caac.21820
info:doi/10.1053/j.gastro.2018.08.024
info:doi/10.1002/hep.30858
info:doi/10.3390/metabo14060325
info:doi/10.1016/j.ccr.2012.02.014
info:doi/10.1038/s41568-021-00378-6
info:doi/10.1038/s41568-021-00378-6
info:doi/10.1007/s13238-021-00846-7
info:doi/10.1016/j.dld.2021.06.023
info:doi/10.1038/s41417-024-00729-z
info:doi/10.1038/s41598-024-77817-5
info:doi/10.1038/s41598-024-77817-5
info:doi/10.1038/nrendo.2017.91
info:doi/10.1073/pnas.1000323107
info:doi/10.1053/j.gastro.2018.06.031
info:doi/10.1007/s12072-020-10121-2
info:doi/10.1007/s12072-020-10121-2


presence and severity of NASH in humans. Int J Mol Sci. 2022;23

(15):8348. doi:10.3390/ijms23158348

19. Lebeaupin C, Vallée D, Hazari Y, Hetz C, Chevet E, Bailly-Maitre B.

Endoplasmic reticulum stress signalling and the pathogenesis of

non-alcoholic fatty liver disease. J Hepatol. 2018;69(4):927-947. doi:

10.1016/j.jhep.2018.06.008

20. Dixon SJ, Lemberg KM, Lamprecht MR, et al. Ferroptosis: an iron-

dependent form of nonapoptotic cell death. Cell. 2012;149(5):1060-

1072. doi:10.1016/j.cell.2012.03.042

21. Xu FL, Wu XH, Chen C, et al. SLC27A5 promotes sorafenib-induced

ferroptosis in hepatocellular carcinoma by downregulating glutathi-

one reductase. Cell Death Dis. 2023;14(1):22. doi:10.1038/s41419-

023-05558-w

22. Lavrado NC, Salles GF, Cardoso CRL, et al. Impact of PNPLA3 and

TM6SF2 polymorphisms on the prognosis of patients with MASLD

and type 2 diabetes mellitus. Liver Int. 2024;44(4):1042-1050. doi:

10.1111/liv.15845

23. BasuRay S, Wang Y, Smagris E, Cohen JC, Hobbs HH. Accumulation

of PNPLA3 on lipid droplets is the basis of associated hepatic stea-

tosis. Proc Natl Acad Sci U S A. 2019;116(19):9521-9526. doi:10.

1073/pnas.1901974116

24. Chen VL, Vespasiani-Gentilucci U. Integrating PNPLA3 into clinical

risk prediction. Liver Int. 2025;45(3):e16103. doi:10.1111/liv.16103

25. Liu YL, Reeves HL, Burt AD, et al. TM6SF2 rs58542926 influences

hepatic fibrosis progression in patients with non-alcoholic fatty liver

disease. Nat Commun. 2014;5:4309. doi:10.1038/ncomms5309

26. Kozlitina J, Smagris E, Stender S, et al. Exome-wide association study

identifies a TM6SF2 variant that confers susceptibility to nonalco-

holic fatty liver disease. Nat Genet. 2014;46(4):352-356. doi:10.

1038/ng.2901

27. Alharthi J, Bayoumi A, Thabet K, et al. A metabolic associated fatty

liver disease risk variant in MBOAT7 regulates toll like receptor

induced outcomes. Nat Commun. 2022;13(1):7430. doi:10.1038/

s41467-022-35158-9

28. Grove JI, Lo PCK, Shrine N, et al. Identification and characterisation of

a rare MTTP variant underlying hereditary non-alcoholic fatty liver dis-

ease. JHEP Rep. 2023;5(8):100764. doi:10.1016/j.jhepr.2023.100764

29. Pei Y, Goh GB. Genetic risk factors for metabolic dysfunction-

associated steatotic liver disease. Gut Liver. 2025;19(1):8-18. doi:10.

5009/gnl240407

30. Karin M, Kim JY. MASH as an emerging cause of hepatocellular car-

cinoma: current knowledge and future perspectives. Mol Oncol.

2024;19:275-294. doi:10.1002/1878-0261.13685

31. Bell RJ, Rube HT, Kreig A, et al. Cancer. The transcription factor GABP

selectively binds and activates the mutant TERT promoter in cancer. Sci-

ence. 2015;348(6238):1036-1039. doi:10.1126/science.aab0015

32. Lu LC, Shao YY, Lee YH, et al. Beta-catenin (CTNNB1) mutations are

not associated with prognosis in advanced hepatocellular carcinoma.

Oncology. 2014;87(3):159-166. doi:10.1159/000362821

33. Wang W, Liu P, Lavrijsen M, et al. Evaluation of AXIN1 and AXIN2

as targets of tankyrase inhibition in hepatocellular carcinoma cell

lines. Sci Rep. 2021;11(1):7470. doi:10.1038/s41598-021-87091-4

34. Xu C, Xu Z, Zhang Y, Evert M, Calvisi DF, Chen X. Beta-catenin sig-

naling in hepatocellular carcinoma. J Clin Invest. 2022;132(4):

e154515. doi:10.1172/JCI154515

35. Lu M, Wu Y, Xia M, Zhang Y. The role of metabolic reprogramming

in liver cancer and its clinical perspectives. Front Oncol. 2024;14:

1454161. doi:10.3389/fonc.2024.1454161

36. Wang Y, Fleishman JS, Li T, et al. Pharmacological therapy of meta-

bolic dysfunction-associated steatotic liver disease-driven hepato-

cellular carcinoma. Front Pharmacol. 2023;14:1336216. doi:10.

3389/fphar.2023.1336216

37. Provera A, Vecchio C, Sheferaw AN, et al. From MASLD to HCC:

What's in the middle? Heliyon. 2024;10(15):e35338. doi:10.1016/j.

heliyon.2024.e35338

38. Kim J, DeBerardinis RJ. Mechanisms and implications of metabolic

heterogeneity in cancer. Cell Metab. 2019;30(3):434-446. doi:10.

1016/j.cmet.2019.08.013

39. Smith GI, Shankaran M, Yoshino M, et al. Insulin resistance drives

hepatic de novo lipogenesis in nonalcoholic fatty liver disease. J Clin

Invest. 2020;130(3):1453-1460. doi:10.1172/jci134165

40. Yenilmez B, Kelly M, Zhang GF, et al. Paradoxical activation of

transcription factor SREBP1c and de novo lipogenesis by

hepatocyte-selective ATP-citrate lyase depletion in obese mice.

J Biol Chem. 2022;298(10):102401. doi:10.1016/j.jbc.2022.102401

41. Li L, Che L, Tharp KM, et al. Differential requirement for de novo

lipogenesis in cholangiocarcinoma and hepatocellular carcinoma of

mice and humans. Hepatology. 2016;63(6):1900-1913. doi:10.1002/

hep.28508

42. Miksztowicz V, Lucero D, Zago V, et al. Hepatic lipase activity is

increased in non-alcoholic fatty liver disease beyond insulin resis-

tance. Diabetes Metab Res Rev. 2012;28(6):535-541. doi:10.1002/

dmrr.2312

43. Carli F, Della Pepa G, Sabatini S, Vidal Puig A, Gastaldelli A. Lipid

metabolism in MASLD and MASH: from mechanism to the clinic.

JHEP Rep. 2024;6(12):101185. doi:10.1016/j.jhepr.2024.101185

44. Pavlova NN, Thompson CB. The emerging hallmarks of cancer

metabolism. Cell Metab. 2016;23(1):27-47. doi:10.1016/j.cmet.

2015.12.006

45. Amann T, Maegdefrau U, Hartmann A, et al. GLUT1 expression is

increased in hepatocellular carcinoma and promotes tumorigenesis.

Am J Pathol. 2009;174(4):1544-1552. doi:10.2353/ajpath.2009.080596

46. Lin J, Rao D, Zhang M, Gao Q. Metabolic reprogramming in the

tumor microenvironment of liver cancer. J Hematol Oncol. 2024;

17(1):6. doi:10.1186/s13045-024-01527-8

47. Romeo M, Dallio M, Scognamiglio F, et al. Role of non-coding RNAs

in hepatocellular carcinoma progression: from classic to novel clini-

copathogenetic implications. Cancers (Basel). 2023;15(21):5178. doi:

10.3390/cancers15215178

48. Calin GA, Croce CM. MicroRNA signatures in human cancers. Nat

Rev Cancer. 2006;6(11):857-866. doi:10.1038/nrc1997

49. Chi LH, Cross RSN, Redvers RP, et al. MicroRNA-21 is immunosup-

pressive and pro-metastatic via separate mechanisms. Oncogene.

2022;11(1):38. doi:10.1038/s41389-022-00413-7

50. Wang J, Chu Y, Xu M, Zhang X, Zhou Y, Xu M. miR-21 promotes cell

migration and invasion of hepatocellular carcinoma by targeting

KLF5. Oncol Lett. 2019;17(2):2221-2227. doi:10.3892/ol.2018.9843

51. Wang B, Majumder S, Nuovo G, et al. Role of microRNA-155 at

early stages of hepatocarcinogenesis induced by choline-deficient

and amino acid-defined diet in C57BL/6 mice. Hepatology. 2009;

50(4):1152-1161. doi:10.1002/hep.23100

52. Huang S, He X. The role of microRNAs in liver cancer progression.

Br J Cancer. 2011;104(2):235-240. doi:10.1038/sj.bjc.6606010

53. Tsai WC, Hsu SD, Hsu CS, et al. MicroRNA-122 plays a critical role

in liver homeostasis and hepatocarcinogenesis. J Clin Invest. 2012;

122(8):2884-2897. doi:10.1172/jci63455

54. Rodrigues PM, Afonso MB, Simão AL, et al. miR-21 ablation and

obeticholic acid ameliorate nonalcoholic steatohepatitis in mice. Cell

Death Dis. 2017;8(4):e2748. doi:10.1038/cddis.2017.172

55. Rodrigues PM, Afonso MB, Simao AL, et al. miR-21-5p promotes

NASH-related hepatocarcinogenesis. Liver Int. 2023;43(10):2256-

2274. doi:10.1111/liv.15682

56. Lu J, Guo J, Liu J, Mao X, Xu K. Long non-coding RNA MALAT1: a

key player in liver diseases. Front Med (Lausanne). 2021;8:734643.

doi:10.3389/fmed.2021.734643

57. Yao RW, Wang Y, Chen LL. Cellular functions of long noncoding

RNAs. Nat Cell Biol. 2019;21(5):542-551. doi:10.1038/s41556-019-

0311-8

58. Kong Y, Huang T, Zhang H, et al. The lncRNA NEAT1/miR-

29b/Atg9a axis regulates IGFBPrP1-induced autophagy and

AIELLO ET AL. 2001

info:doi/10.3390/ijms23158348
info:doi/10.1016/j.jhep.2018.06.008
info:doi/10.1016/j.cell.2012.03.042
info:doi/10.1038/s41419-023-05558-w
info:doi/10.1038/s41419-023-05558-w
info:doi/10.1111/liv.15845
info:doi/10.1073/pnas.1901974116
info:doi/10.1073/pnas.1901974116
info:doi/10.1111/liv.16103
info:doi/10.1038/ncomms5309
info:doi/10.1038/ng.2901
info:doi/10.1038/ng.2901
info:doi/10.1038/s41467-022-35158-9
info:doi/10.1038/s41467-022-35158-9
info:doi/10.1016/j.jhepr.2023.100764
info:doi/10.5009/gnl240407
info:doi/10.5009/gnl240407
info:doi/10.1002/1878-0261.13685
info:doi/10.1126/science.aab0015
info:doi/10.1159/000362821
info:doi/10.1038/s41598-021-87091-4
info:doi/10.1172/JCI154515
info:doi/10.3389/fonc.2024.1454161
info:doi/10.3389/fphar.2023.1336216
info:doi/10.3389/fphar.2023.1336216
info:doi/10.1016/j.heliyon.2024.e35338
info:doi/10.1016/j.heliyon.2024.e35338
info:doi/10.1016/j.cmet.2019.08.013
info:doi/10.1016/j.cmet.2019.08.013
info:doi/10.1172/jci134165
info:doi/10.1016/j.jbc.2022.102401
info:doi/10.1002/hep.28508
info:doi/10.1002/hep.28508
info:doi/10.1002/dmrr.2312
info:doi/10.1002/dmrr.2312
info:doi/10.1016/j.jhepr.2024.101185
info:doi/10.1016/j.cmet.2015.12.006
info:doi/10.1016/j.cmet.2015.12.006
info:doi/10.2353/ajpath.2009.080596
info:doi/10.1186/s13045-024-01527-8
info:doi/10.3390/cancers15215178
info:doi/10.1038/nrc1997
info:doi/10.1038/s41389-022-00413-7
info:doi/10.3892/ol.2018.9843
info:doi/10.1002/hep.23100
info:doi/10.1038/sj.bjc.6606010
info:doi/10.1172/jci63455
info:doi/10.1038/cddis.2017.172
info:doi/10.1111/liv.15682
info:doi/10.3389/fmed.2021.734643
info:doi/10.1038/s41556-019-0311-8
info:doi/10.1038/s41556-019-0311-8


activation of mouse hepatic stellate cells. Life Sci. 2019;237:116902.

doi:10.1016/j.lfs.2019.116902

59. Wang X. Down-regulation of lncRNA-NEAT1 alleviated the non-

alcoholic fatty liver disease via mTOR/S6K1 signaling pathway. J Cell

Biochem. 2018;119(2):1567-1574. doi:10.1002/jcb.26317

60. Cheng Z, Liang X, Zhang C, et al. SOX9-transactived long non-coding

RNA NEAT1 promotes the self-renewal of liver cancer stem cells

through PKA/Hippo signaling. Signal Transduct Target Ther. 2021;

6(1):87. doi:10.1038/s41392-021-00466-x

61. Prost C, Intrator L, Wechsler J, et al. IgA autoantibodies bind to pem-

phigus vulgaris antigen in a case of intraepidermal neutrophilic IgA

dermatosis. J Am Acad Dermatol. 1991;25(5 Pt 1):846-848. doi:10.

1016/s0190-9622(08)80980-2

62. Koyama S, Tsuchiya H, Amisaki M, et al. NEAT1 is required for the

expression of the liver cancer stem cell marker CD44. Int J Mol Sci.

2020;21(6):1927. doi:10.3390/ijms21061927

63. Niu ZS, Wang WH. Circular RNAs in hepatocellular carcinoma:

Recent advances. World J Gastrointest Oncol. 2022;14(6):1067-

1085. doi:10.4251/wjgo.v14.i6.1067

64. Huang G, Liang M, Liu H, et al. CircRNA hsa_circRNA_104348 pro-

motes hepatocellular carcinoma progression through modulating

miR-187-3p/RTKN2 axis and activating Wnt/beta-catenin pathway.

Cell Death Dis. 2020;11(12):1065. doi:10.1038/s41419-020-

03276-1

65. Wang L, Long H, Zheng Q, Bo X, Xiao X, Li B. Circular RNA cir-

cRHOT1 promotes hepatocellular carcinoma progression by initia-

tion of NR2F6 expression. Mol Cancer. 2019;18(1):119. doi:10.

1186/s12943-019-1046-7

66. Yang YR, Bu FT, Yang Y, et al. LEFTY2 alleviates hepatic stellate cell

activation and liver fibrosis by regulating the TGF-beta1/Smad3

pathway. Mol Immunol. 2020;126:31-39. doi:10.1016/j.molimm.

2020.07.012

67. Li Q, Pan X, Zhu D, Deng Z, Jiang R, Wang X. Circular RNA MAT2B

promotes glycolysis and malignancy of hepatocellular carcinoma

through the miR-338-3p/PKM2 axis under hypoxic stress. Hepatol-

ogy. 2019;70(4):1298-1316. doi:10.1002/hep.30671

68. Balihodzic A, Prinz F, Dengler MA, Calin GA, Jost PJ, Pichler M.

Non-coding RNAs and ferroptosis: potential implications for cancer

therapy. Cell Death Differ. 2022;29(6):1094-1106. doi:10.1038/

s41418-022-00998-x

69. Lu Y, Chan YT, Tan HY, et al. Epigenetic regulation of ferroptosis via

ETS1/miR-23a-3p/ACSL4 axis mediates sorafenib resistance in

human hepatocellular carcinoma. J Exp Clin Cancer Res. 2022;41(1):3.

doi:10.1186/s13046-021-02208-x

70. Zhou Q, Meng Y, Li D, et al. Ferroptosis in cancer: From molecular

mechanisms to therapeutic strategies. Signal Transduct Target Ther.

2024;9(1):55. doi:10.1038/s41392-024-01769-5

71. Pirola CJ, Sookoian S. Epigenetics factors in nonalcoholic fatty liver

disease. Expert Rev Gastroenterol Hepatol. 2022;16(6):521-536. doi:

10.1080/17474124.2020.1765772

72. Villanueva A, Portela A, Sayols S, et al. DNA methylation-based

prognosis and epidrivers in hepatocellular carcinoma. Hepatology.

2015;61(6):1945-1956. doi:10.1002/hep.27732

73. Tian Y, Arai E, Makiuchi S, et al. Aberrant DNA methylation results

in altered gene expression in non-alcoholic steatohepatitis-related

hepatocellular carcinomas. J Cancer Res Clin Oncol. 2020;146(10):

2461-2477. doi:10.1007/s00432-020-03298-4

74. Zhang X, Yang Y, Liu X, et al. Epigenetic regulation of the Wnt sig-

naling inhibitor DACT2 in human hepatocellular carcinoma. Epige-

netics. 2013;8(4):373-382. doi:10.4161/epi.24113

75. Tian Y, Mok MT, Yang P, Cheng AS. Epigenetic activation of Wnt/-

beta-catenin signaling in NAFLD-associated hepatocarcinogenesis.

Cancers (Basel). 2016;8(8):76. doi:10.3390/cancers8080076

76. Murphy SK, Yang H, Moylan CA, et al. Relationship between methy-

lome and transcriptome in patients with nonalcoholic fatty liver

disease. Gastroenterology. 2013;145(5):1076-1087. doi:10.1053/j.

gastro.2013.07.047

77. Theys C, Ibrahim J, Mateiu L, et al. Mitochondrial GpC and CpG

DNA hypermethylation cause metabolic stress-induced mitophagy

and cholestophagy. Int J Mol Sci. 2023;24(22):16412. doi:10.3390/

ijms242216412

78. Rao G, Peng X, Li X, et al. Unmasking the enigma of lipid metabolism

in metabolic dysfunction-associated steatotic liver disease: from

mechanism to the clinic. Front Med (Lausanne). 2023;10:1294267.

doi:10.3389/fmed.2023.1294267

79. Pennisi G, Pipitone RM, Cabibi D, et al. A cholestatic pattern predicts

major liver-related outcomes in patients with non-alcoholic fatty liver

disease. Liver Int. 2022;42(5):1037-1048. doi:10.1111/liv.15232

80. Bricambert J, Miranda J, Benhamed F, Girard J, Postic C, Dentin R. Salt-

inducible kinase 2 links transcriptional coactivator p300 phosphorylation

to the prevention of ChREBP-dependent hepatic steatosis in mice. J Clin

Invest. 2010;120(12):4316-4331. doi:10.1172/jci41624

81. Cai LY, Chen SJ, Xiao SH, et al. Targeting p300/CBP attenuates

hepatocellular carcinoma progression through epigenetic regulation

of metabolism. Cancer Res. 2021;81(4):860-872. doi:10.1158/0008-

5472.Can-20-1323

82. Park SY, Kim JS. A short guide to histone deacetylases including

recent progress on class II enzymes. Exp Mol Med. 2020;52(2):204-

212. doi:10.1038/s12276-020-0382-4

83. Tian Y, Wong VW, Wong GL, et al. Histone deacetylase HDAC8

promotes insulin resistance and beta-catenin activation in NAFLD-

associated hepatocellular carcinoma. Cancer Res. 2015;75(22):4803-

4816. doi:10.1158/0008-5472.CAN-14-3786

84. Bhaskara S, Knutson SK, Jiang G, et al. Hdac3 is essential for the

maintenance of chromatin structure and genome stability. Cancer

Cell. 2010;18(5):436-447. doi:10.1016/j.ccr.2010.10.022

85. Pirola CJ, Salatino A, Fernández Gianotti T, Castaño GO,

Garaycoechea M, Sookoian S. Cross talk between the liver micro-

biome and epigenome in patients with metabolic dysfunction-

associated steatotic liver disease. EBioMedicine. 2024;101:104996.

doi:10.1016/j.ebiom.2024.104996

86. Yang Y, Liu Y, Wang Y, et al. Regulation of SIRT1 and its roles in

inflammation. Front Immunol. 2022;13:831168. doi:10.3389/fimmu.

2022.831168

87. Fiorentino F, Carafa V, Favale G, Altucci L, Mai A, Rotili D. The two-

faced role of SIRT6 in cancer. Cancers (Basel). 2021;13(5):1156. doi:

10.3390/cancers13051156

88. Cheng AS, Lau SS, Chen Y, et al. EZH2-mediated concordant repres-

sion of Wnt antagonists promotes beta-catenin-dependent hepato-

carcinogenesis. Cancer Res. 2011;71(11):4028-4039. doi:10.1158/

0008-5472.CAN-10-3342

89. Bugide S, Green MR, Wajapeyee N. Inhibition of enhancer of zeste

homolog 2 (EZH2) induces natural killer cell-mediated eradication of

hepatocellular carcinoma cells. Proc Natl Acad Sci U S A. 2018;

115(15):E3509-E3518. doi:10.1073/pnas.1802691115

90. Lo Re O, Douet J, Buschbeck M, et al. Histone variant macroH2A1

rewires carbohydrate and lipid metabolism of hepatocellular carci-

noma cells towards cancer stem cells. Epigenetics. 2018;13(8):829-

845. doi:10.1080/15592294.2018.1514239

91. Wang Z, Liu Z, Lv M, Luan Z, Li T, Hu J. Novel histone modifications

and liver cancer: emerging frontiers in epigenetic regulation. Clin Epi-

genetics. 2025;17(1):30. doi:10.1186/s13148-025-01838-8

92. Li L, Dong J, Xu C, Wang S. Lactate drives senescence-resistant lineages

in hepatocellular carcinoma via histone H2B lactylation of NDRG1. Can-

cer Lett. 2025;616:217567. doi:10.1016/j.canlet.2025.217567

93. Dong R, Wang T, Dong W, et al. TGM2-mediated histone serotony-

lation promotes HCC progression via MYC signalling pathway.

J Hepatol. 2025;83:105-118. doi:10.1016/j.jhep.2024.12.038

94. Chen M, Wei L, Law CT, et al. RNA N6-methyladenosine

methyltransferase-like 3 promotes liver cancer progression through

2002 AIELLO ET AL.

info:doi/10.1016/j.lfs.2019.116902
info:doi/10.1002/jcb.26317
info:doi/10.1038/s41392-021-00466-x
info:doi/10.1016/s0190-9622(08)80980-2
info:doi/10.1016/s0190-9622(08)80980-2
info:doi/10.3390/ijms21061927
info:doi/10.4251/wjgo.v14.i6.1067
info:doi/10.1038/s41419-020-03276-1
info:doi/10.1038/s41419-020-03276-1
info:doi/10.1186/s12943-019-1046-7
info:doi/10.1186/s12943-019-1046-7
info:doi/10.1016/j.molimm.2020.07.012
info:doi/10.1016/j.molimm.2020.07.012
info:doi/10.1002/hep.30671
info:doi/10.1038/s41418-022-00998-x
info:doi/10.1038/s41418-022-00998-x
info:doi/10.1186/s13046-021-02208-x
info:doi/10.1038/s41392-024-01769-5
info:doi/10.1080/17474124.2020.1765772
info:doi/10.1002/hep.27732
info:doi/10.1007/s00432-020-03298-4
info:doi/10.4161/epi.24113
info:doi/10.3390/cancers8080076
info:doi/10.1053/j.gastro.2013.07.047
info:doi/10.1053/j.gastro.2013.07.047
info:doi/10.3390/ijms242216412
info:doi/10.3390/ijms242216412
info:doi/10.3389/fmed.2023.1294267
info:doi/10.1111/liv.15232
info:doi/10.1172/jci41624
info:doi/10.1158/0008-5472.Can-20-1323
info:doi/10.1158/0008-5472.Can-20-1323
info:doi/10.1038/s12276-020-0382-4
info:doi/10.1158/0008-5472.CAN-14-3786
info:doi/10.1016/j.ccr.2010.10.022
info:doi/10.1016/j.ebiom.2024.104996
info:doi/10.3389/fimmu.2022.831168
info:doi/10.3389/fimmu.2022.831168
info:doi/10.3390/cancers13051156
info:doi/10.1158/0008-5472.CAN-10-3342
info:doi/10.1158/0008-5472.CAN-10-3342
info:doi/10.1073/pnas.1802691115
info:doi/10.1080/15592294.2018.1514239
info:doi/10.1186/s13148-025-01838-8
info:doi/10.1016/j.canlet.2025.217567
info:doi/10.1016/j.jhep.2024.12.038


YTHDF2-dependent posttranscriptional silencing of SOCS2. Hepa-

tology. 2018;67(6):2254-2270. doi:10.1002/hep.29683

95. Luo Z, Zhang Z, Tai L, Zhang L, Sun Z, Zhou L. Comprehensive analy-

sis of differences of N(6)-methyladenosine RNA methylomes

between high-fat-fed and normal mouse livers. Epigenomics. 2019;

11(11):1267-1282. doi:10.2217/epi-2019-0009

96. Yang Y, Cai J, Yang X, et al. Dysregulated m6A modification

promotes lipogenesis and development of non-alcoholic fatty liver

disease and hepatocellular carcinoma. Mol Ther. 2022;30(6):2342-

2353. doi:10.1016/j.ymthe.2022.02.021

97. Wellen KE, Hatzivassiliou G, Sachdeva UM, Bui TV, Cross JR,

Thompson CB. ATP-citrate lyase links cellular metabolism to histone

acetylation. Science. 2009;324(5930):1076-1080. doi:10.1126/

science.1164097

98. Fu G, Li ST, Jiang Z, et al. PGAM5 deacetylation mediated by SIRT2

facilitates lipid metabolism and liver cancer proliferation. Acta Bio-

chim Biophys Sin (Shanghai). 2023;55(9):1370-1379. doi:10.3724/

abbs.2023155

99. Mato JM, Lu SC. Role of S-adenosyl-L-methionine in liver health and

injury. Hepatology. 2007;45(5):1306-1312. doi:10.1002/hep.21650

100. Kaelin WG Jr, McKnight SL. Influence of metabolism on epigenetics and

disease. Cell. 2013;153(1):56-69. doi:10.1016/j.cell.2013.03.004

101. Martínez-Uña M, Varela-Rey M, Cano A, et al. Excess

S-adenosylmethionine reroutes phosphatidylethanolamine towards

phosphatidylcholine and triglyceride synthesis. Hepatology. 2013;

58(4):1296-1305. doi:10.1002/hep.26399

102. Tian Y, Wong VW, Chan HL, Cheng AS. Epigenetic regulation of hepa-

tocellular carcinoma in non-alcoholic fatty liver disease. Semin Cancer

Biol. 2013;23(6 Pt B):471-482. doi:10.1016/j.semcancer.2013.08.010

103. Lu SC, Mato JM. S-adenosylmethionine in liver health, injury, and

cancer. Physiol Rev. 2012;92(4):1515-1542. doi:10.1152/physrev.

00047.2011

104. Avila MA, Berasain C, Torres L, et al. Reduced mRNA abundance of

the main enzymes involved in methionine metabolism in human liver

cirrhosis and hepatocellular carcinoma. J Hepatol. 2000;33(6):907-

914. doi:10.1016/s0168-8278(00)80122-1

105. Lu SC, Alvarez L, Huang ZZ, et al. Methionine adenosyltransferase 1A

knockout mice are predisposed to liver injury and exhibit increased

expression of genes involved in proliferation. Proc Natl Acad Sci U S A.

2001;98(10):5560-5565. doi:10.1073/pnas.091016398

106. Pogribny IP, Tryndyak VP, Bagnyukova TV, et al. Hepatic epigenetic

phenotype predetermines individual susceptibility to hepatic steato-

sis in mice fed a lipogenic methyl-deficient diet. J Hepatol. 2009;

51(1):176-186. doi:10.1016/j.jhep.2009.03.021

107. Aron-Wisnewsky J, Vigliotti C, Witjes J, et al. Gut microbiota and

human NAFLD: disentangling microbial signatures from metabolic

disorders. Nat Rev Gastroenterol Hepatol. 2020;17(5):279-297. doi:

10.1038/s41575-020-0269-9

108. Yao H, Fan C, Lu Y, et al. Alteration of gut microbiota affects expres-

sion of adiponectin and resistin through modifying DNA methylation

in high-fat diet-induced obese mice. Genes Nutr. 2020;15(1):12. doi:

10.1186/s12263-020-00671-3

109. Hu C, Xu B, Wang X, et al. Gut microbiota-derived short-chain fatty

acids regulate group 3 innate lymphoid cells in HCC. Hepatology.

2023;77(1):48-64. doi:10.1002/hep.32449

110. Lu Y, Chan YT, Tan HY, Li S, Wang N, Feng Y. Epigenetic regulation

in human cancer: the potential role of epi-drug in cancer therapy.

Mol Cancer. 2020;19(1):79. doi:10.1186/s12943-020-01197-3

111. Yang J, Xu J, Wang W, Zhang B, Yu X, Shi S. Epigenetic regulation in

the tumor microenvironment: molecular mechanisms and therapeu-

tic targets. Signal Transduct Target Ther. 2023;8(1):210. doi:10.1038/

s41392-023-01480-x

112. Liu J, Liu Y, Meng L, Liu K, Ji B. Targeting the PD-L1/DNMT1 axis in

acquired resistance to sorafenib in human hepatocellular carcinoma.

Oncol Rep. 2017;38(2):899-907. doi:10.3892/or.2017.5722

113. Braghini MR, Lo Re O, Romito I, et al. Epigenetic remodelling in

human hepatocellular carcinoma. J Exp Clin Cancer Res. 2022;41(1):

107. doi:10.1186/s13046-022-02297-2

114. Colyn L, Bárcena-Varela M, Álvarez-Sola G, et al. Dual targeting of

G9a and DNA Methyltransferase-1 for the treatment of experimen-

tal cholangiocarcinoma. Hepatology. 2021;73(6):2380-2396. doi:10.

1002/hep.31642

115. Jühling F, Hamdane N, Crouchet E, et al. Targeting clinical epigenetic

reprogramming for chemoprevention of metabolic and viral hepato-

cellular carcinoma. Gut. 2021;70(1):157-169. doi:10.1136/gutjnl-

2019-318918

116. Gramantieri L, Fornari F, Ferracin M, et al. MicroRNA-221 targets

Bmf in hepatocellular carcinoma and correlates with tumor multifo-

cality. Clin Cancer Res. 2009;15(16):5073-5081. doi:10.1158/1078-

0432.Ccr-09-0092

117. Krützfeldt J, Rajewsky N, Braich R, et al. Silencing of microRNAs

in vivo with “antagomirs”. Nature. 2005;438(7068):685-689. doi:10.
1038/nature04303

118. Park JK, Kogure T, Nuovo GJ, et al. miR-221 silencing blocks hepa-

tocellular carcinoma and promotes survival. Cancer Res. 2011;

71(24):7608-7616. doi:10.1158/0008-5472.Can-11-1144

119. Zhang C, Liu X, Jin S, Chen Y, Guo R. Ferroptosis in cancer therapy:

a novel approach to reversing drug resistance. Mol Cancer. 2022;

21(1):47. doi:10.1186/s12943-022-01530-y

120. Xu D, Jin J, Yu H, et al. Chrysin inhibited tumor glycolysis and

induced apoptosis in hepatocellular carcinoma by targeting

hexokinase-2. J Exp Clin Cancer Res. 2017;36(1):44. doi:10.1186/

s13046-017-0514-4

121. Zaytseva YY, Rychahou PG, Le AT, et al. Preclinical evaluation of

novel fatty acid synthase inhibitors in primary colorectal cancer cells

and a patient-derived xenograft model of colorectal cancer. Oncotar-

get. 2018;9(37):24787-24800. doi:10.18632/oncotarget.25361

122. Loomba R, Mohseni R, Lucas KJ, et al. TVB-2640 (FASN inhibitor)

for the treatment of nonalcoholic steatohepatitis: FASCINATE-1, a

randomized, placebo-controlled phase 2a trial. Gastroenterology.

2021;161(5):1475-1486. doi:10.1053/j.gastro.2021.07.025

123. Lasko LM, Jakob CG, Edalji RP, et al. Discovery of a selective cata-

lytic p300/CBP inhibitor that targets lineage-specific tumours.

Nature. 2017;550(7674):128-132. doi:10.1038/nature24028

124. Lin HY, Jeon AJ, Chen K, et al. The epigenetic basis of hepatocellular

carcinoma—mechanisms and potential directions for biomarkers and

therapeutics. Br J Cancer. 2025;132:869-887. doi:10.1038/s41416-

025-02969-8

125. Schnabl B, Damman CJ, Carr RM. Metabolic dysfunction-associated

steatotic liver disease and the gut microbiome: pathogenic insights

and therapeutic innovations. J Clin Invest. 2025;135(7):e186423.

doi:10.1172/jci186423

126. Schwenger KJP, Copeland JK, Ghorbani Y, et al. Characterization of

liver, adipose, and fecal microbiome in obese patients with MASLD:

links with disease severity and metabolic dysfunction parameters.

Microbiome. 2025;13(1):9. doi:10.1186/s40168-024-02004-7

127. Wang LJ, Sun JG, Chen SC, Sun YL, Zheng Y, Feng JC. The role of

intestinal flora in metabolic dysfunction-associated steatotic liver

disease and treatment strategies. Front Med (Lausanne). 2024;11:

1490929. doi:10.3389/fmed.2024.1490929

How to cite this article: Aiello C, Felli E, Musarra T, et al.

Rewriting the MASLD-associated hepatocellular carcinoma

script: Targeting epigenetics and metabolism. Int J Cancer.

2025;157(10):1991‐2003. doi:10.1002/ijc.70047

AIELLO ET AL. 2003

info:doi/10.1002/hep.29683
info:doi/10.2217/epi-2019-0009
info:doi/10.1016/j.ymthe.2022.02.021
info:doi/10.1126/science.1164097
info:doi/10.1126/science.1164097
info:doi/10.3724/abbs.2023155
info:doi/10.3724/abbs.2023155
info:doi/10.1002/hep.21650
info:doi/10.1016/j.cell.2013.03.004
info:doi/10.1002/hep.26399
info:doi/10.1016/j.semcancer.2013.08.010
info:doi/10.1152/physrev.00047.2011
info:doi/10.1152/physrev.00047.2011
info:doi/10.1016/s0168-8278(00)80122-1
info:doi/10.1073/pnas.091016398
info:doi/10.1016/j.jhep.2009.03.021
info:doi/10.1038/s41575-020-0269-9
info:doi/10.1186/s12263-020-00671-3
info:doi/10.1002/hep.32449
info:doi/10.1186/s12943-020-01197-3
info:doi/10.1038/s41392-023-01480-x
info:doi/10.1038/s41392-023-01480-x
info:doi/10.3892/or.2017.5722
info:doi/10.1186/s13046-022-02297-2
info:doi/10.1002/hep.31642
info:doi/10.1002/hep.31642
info:doi/10.1136/gutjnl-2019-318918
info:doi/10.1136/gutjnl-2019-318918
info:doi/10.1158/1078-0432.Ccr-09-0092
info:doi/10.1158/1078-0432.Ccr-09-0092
info:doi/10.1038/nature04303
info:doi/10.1038/nature04303
info:doi/10.1158/0008-5472.Can-11-1144
info:doi/10.1186/s12943-022-01530-y
info:doi/10.1186/s13046-017-0514-4
info:doi/10.1186/s13046-017-0514-4
info:doi/10.18632/oncotarget.25361
info:doi/10.1053/j.gastro.2021.07.025
info:doi/10.1038/nature24028
info:doi/10.1038/s41416-025-02969-8
info:doi/10.1038/s41416-025-02969-8
info:doi/10.1172/jci186423
info:doi/10.1186/s40168-024-02004-7
info:doi/10.3389/fmed.2024.1490929
info:doi/10.1002/ijc.70047

	Rewriting the MASLD‐associated hepatocellular carcinoma script: Targeting epigenetics and metabolism
	Abstract
	1  |  INTRODUCTION
	2  |  MAIN DRIVING MECHANISMS FROM MASLD TO HCC
	3  |  GENETIC AND MOLECULAR RISK MODIFIERS IN MASLD‐ASSOCIATED HCC
	4  |  METABOLIC REPROGRAMMING IN MASLD‐HCC
	5  |  TWO‐WAY RELATIONSHIP BETWEEN EPIGENETICS AND METABOLIC REPROGRAMMING IN MASLD‐HCC
	5.1  |  Non‐coding RNAs
	5.2  |  Non‐coding RNA's role in oxidative lipid metabolism
	5.3  |  Role of methylation in the metabolic reprogramming of MASLD‐induced HCC
	5.4  |  Histone modifications and histone variants
	5.5  |  Role of epi‐transcriptomic modifications in metabolic reprogramming of HCC
	5.6  |  Mechanisms through which metabolic reprogramming influences epigenetic modifications in HCC

	6  |  GUT MICROBIOTA AND EPIGENETIC ALTERATIONS IN METABOLIC REPROGRAMMING OF MASLD‐INDUCED HCC
	7  |  TARGETING EPIGENETICS AND METABOLIC REPROGRAMMING OF HCC
	7.1  |  Challenges of targeting epigenetic modifications

	8  |  CONCLUSIONS AND FUTURE PERSPECTIVES
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENT
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES


