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ABSTRACT

Hepatocellular carcinoma (HCC) typically develops in

the context of chronic liver disease, where prolonged
hepatocyte exposure to inflammation drives the synergistic
accumulation of genetic and epigenetic alterations.
Epigenetic regulation encompasses multiple mechanisms
that govern the transcription machinery accessibility to
DNA. This process is regulated by the addition and removal
of covalent marks on chromatin, which can either affect
DNA-histone interactions or serve as scaffolds for other
proteins, among other mechanisms. Recent research has
revealed that epigenetic alterations can disrupt chromatin
homeostasis, redirecting transcriptional regulation to
favour cancer-promoting states. Consequently, these
alterations play a pivotal role in the acquisition of cancer
hallmarks and provide insights into several biological
processes involved in hepatocarcinogenesis. This review
highlights the key epigenetic mechanisms underlying the
development, progression and dissemination of HCC, with
a particular focus on DNA methylation and histone post-
translational modifications. This knowledge is relevant
for guiding the development of innovative therapeutic
approaches based on epigenetic modulators.

INTRODUCTION

Hepatocellular carcinoma (HCC), the most
common primary liver cancer, is a leading
cause of cancerrelated mortality worldwide.
Despite the exponential growth in genomic
and transcriptomic data, the complex nature
of this disease continues to challenge the
identification of effective therapeutic targets.
The inherent heterogeneity of solid tumours
is further amplified in HCC by the diverse
underlying aetiologies, including chronic
hepatitis B and C infections, long-lasting
alcohol consumption, metabolic dysfunction-
associated steatohepatitis (MASH) and expo-
sure to aflatoxin B1." These factors, along
with ethnic differences and disease stages,
contribute to distinct genetic profiles in HCC,
influencing specific mutations and pathway
activations. For instance, chronic HBV-
associated HCC exhibits a high prevalence
of mutations in TP53, CCNA2 and CCNE],
with activation of classical proliferation
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pathways, whereas HCC linked to MASH,
alcoholic steatohepatitis, or HCV infection
is mainly characterised by mutations in the
beta-catenin gene (CTNNB1) and activation
of the Wnt/B-catenin pathway." *

Emerging evidence indicates that the aeti-
ology of liver disease also influences the
epigenetic landscape of HCC,” extending the
heterogeneity of HCC beyond genetic alter-
ations. The term ‘epigenetic’ encompasses
processes that lead to potentially heritable
phenotypic changes without altering the
underlying DNA sequence.” These mecha-
nisms regulate not only gene transcription
but also other DNA-based processes, such
as DNA repair, replication and recombina-
tion.” ® Epigenetics enables cells with iden-
tical genomes to exhibit diverse phenotypes,
adapt to environmental changes, maintain
lineage-specific gene expression, support
cell differentiation and stem cell renewal,
ensure genome integrity and regulate prolif-
eration.” Epigenetic regulation involves the
reversible and dynamic addition or removal
of chemical groups on either DNA (via DNA
methylation) or histones (through histone
post-translational modifications, HPTMs)
by enzymes known as ‘writers’ and ‘erasers’,
respectively. Other major epigenetic mech-
anisms include non-covalent interactions,
such as the binding of long non-coding
RNAs (IncRNA), ATP-dependent nucleo-
some remodelling and the incorporation of
histone variants.* ® It is widely accepted that
epigenetic processes primarily (1) modify
chromatin structure and compaction® and
(2) control chromatin interactions with
‘readers’, protein mediators that recognise
specific modifications and direct specific
downstream outcomes.

Epigenetic mechanisms respond to various
signals, including metabolic perturbations,
cell cycle regulators, DNA damage sensors
and signalling cascades triggered by growth
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factors, hormones, developmental cues or cellular stress.
Collectively, these signals give rise to an exceptionally
dynamic and complex epigenetic network that drives
widespread changes in cell phenotype and behaviour.®
Hepatocytes are particularly reliant on epigenetic mech-
anisms to adapt to constant exposure to nutrients and
metabolite fluctuations, xenobiotics and interactions with
immune and microbial elements.” Epigenetic mecha-
nisms allow hepatocytes to rapidly adapt to stressors while
maintaining cellular homeostasis without genetic alter-
ations. Hence, epigenetic disruptions can undermine
this balance, increasing the risk of HCC development.'
Indeed, epigenetic alterations in both hepatocytes and
non-parenchymal liver cells can shift gene regulation
towards a cancer-promoting state, contributing to several
hallmarks of cancer, including proliferation, immune
evasion and metastasis.'" '*

In this review, we aim to provide a comprehensive
analysis of the epigenetic mechanisms involved in HCC
development and progression, focusing on how cova-
lent chromatin modifications influence cellular homeo-
stasis and tumourigenesis (table 1). Additionally, we
will examine the interactions between DNA methyla-
tion and HPMTs and their implications for liver cancer
progression.

DNA METHYLATION

DNA methylation refers to the covalent transfer of a
methyl group from the metabolite S-adenosylmethionine
(SAM) to the 5’ carbon of cytosine residues at CpG dinu-
cleotides” (figure 1). Methylation at CpG islands in tran-
scription start sites and repetitive regions typically results
in strong transcriptional repression and long-term gene
silencing. On the other hand, methylation within gene
bodies can promote transcription elongation and influ-
ence splicing."” This reaction is catalysed by DNA methyl-
transferases (DNMTs) that are classified into two groups
based on their functions. DNMT1 is primarily responsible
for the maintenance of DNA methylation patterns through
the methylation of hemi-methylated DNA, thereby
ensuring the heritability of these marks after replication.’
On the other hand, DNMT3A and DNMT3B preferen-
tially target unmethylated sites, being the main regulators
of denovomethylation.* Additionally, DNMT3L., a member
of the DNMT3 family that lacks methyltransferase activity,
acts as a positive regulator of de novo DNA methylation
by interacting with DNMT3A and DNMT3B." However,
this dichotomous classification of DNMT functions is
overly simplistic. It has been reported that DMNT3 also
plays a role in maintaining and dynamically remodelling
DNA methylation patterns in differentiated cells.'"* DNA
methylation is also regulated by Ten-Eleven Transloca-
tion (TET) methylcytosine dioxygenases. These enzymes
mediate the stepwise oxidation of 5-methylcytosine into
5-hydroxymethylcytosine, 5-formylcytosine and finally
into 5-carboxylcytosine.”” Research suggests that inter-
mediates of DNA demethylation may have regulatory

functions of their own, influencing gene expression and
chromatin structure independently of complete demeth-
ylation."” Notably, 5-hydroxymethylcytosine levels are
decreased in HCC and may serve as a prognostic marker.'®
DNA demethylation is then completed either by the base
excision repair machinery or through passive dilution of
the epigenetic mark, as it is not recognised by DNMT1."?
This intricate balance between methylation and demeth-
ylation highlights the complexity and dynamism of this
epigenetic process.

Dysregulation of DNA methylation is a well-established
factor in HCC pathogenesis. Even at preneoplastic stages,
both genome-wide hypomethylation and specific gene
promoter hypermethylation are evident.” In general,
hypomethylation contributes to chromosomal insta-
bility, and hypermethylation silences tumour suppressor
genes, such as TFPI2, CDKNI1A, CDKN2B, CDKN2A HHIP,
SFRP2, APC, SOCS1, CDH1 and HAI-2.” A study by Calvisi
et al demonstrated the lack of correlation between DNA
methylation patterns and different aetiologic factors,
highlighting the ubiquity of these epigenetic alterations
in HCC."” These changes progressively accumulate from
normal liver to cirrhosis, dysplasia and HCC at various
stages.'® Additionally, methylation patterns in non-
tumoural adjacent liver tissue show prognostic value in
patients with HCC."®

HISTONE POST-TRANSLATIONAL MODIFICATIONS

HPTMs encompass a wide range of epigenetic marks,
including acetylation, methylation, citrullination, phos-
phorylation and ADP-ribosylation, among others® "
(figure 2). HPTMs are mainly located on the N-terminal
tails of histones, but they can be found on their globular
domains as well." Interestingly, the transcriptional impact
of HPTMs depends on their position, molecular nature
and the surrounding chromatin context. Some HPTMs,
such as acetylation and phosphorylation, promote chro-
matin condensation or relaxation through electrostatic
and stereochemical interactions that directly affect nucle-
osome stability, while others act as molecular scaffolds
for the recruitment of effector proteins.”’ The dysregula-
tion of the enzymatic machinery responsible for writing,
reading and erasing HPTMs is frequently observed in
human HCC, resulting in a histone code that disrupts
the epigenetic balance required for the maintenance of
normal gene expression.'?

Histone acetylation

Histone acetylation involves the dynamic addition and
removal of acetyl groups into the €-amino group of lysine
residues by histone acetyltransferases (HATs) and histone
deacetylases (HDACs), respectively.” * Human HATs
catalyse the transfer of an acetyl group from Acetyl-CoA
to lysine residues. These enzymes are categorised into
two major groups: GNAT (including HATI, General
Control Non-repressed protein 5 (GCN5), P300/CBP-
associated factor (PCAF)) and MYST (comprising Tip60,
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Table 1 Epigenetic modulators in HCC: expression alterations, functional roles and prognostic implications

Epigenetic Expression in Primary epigenetic Prognosis associated
modulators HCC patients substrate Effect on HCC with expression Reference
Writers

ASH1L Up-regulated  H3K4, H3K36 Promotes Poor S0

immunosuppression via M2-

like macrophage recruitment

and polarisation

90

Aurora A Up-regulated  H3T118 Drives radioresistance via Poor
NF-kB activation
Aurora B Up-regulated  H3S10, H3S28, Enhances the expression of Poor 8
H2AXS121, H3.3S31 growth-promoting genes
CBP/p300 Up-regulated  H3K27, H3K18 Contributes to malignant Poor 82

transformation, proliferation,
apoptotic sensitivity and

invasion
KMT1C Up-regulated  H3K9 Enhances proliferation and  Unknown 4
adaptation to hypoxia
EZH2 Up-regulated  H3K27 Represses tumour Poor 114142
suppressor miRNAs and Wnt
antagonists while interacting
with signalling pathways
HAT1 Up-regulated  H4K5, H4K12, Promotes cell growth Poor e
H2AK5 and regulates glucose
metabolism
PAD2 Up-regulated  H3R2, H3R8, Regulates proliferation and  Unknown &
H3R17, H3R26 migration
PAD4 Up-regulated  H1R54, H3R2, Promotes metastasis via E-  Unknown [l
H3R8, H3R17, cadherin suppression, drives
H3R26, H4R3 NET formation for immune
evasion and angiogenesis
and activates HIF target
genes under hypoxia
PARP1 Up-regulated  Glutamate, Contributes to impairment of Unknown %
aspartate and serine  DNA repair mechanisms
histone residues
PARP10 Down- Glutamate, Hinders metastasis by Unknown %
regulated aspartate and serine impairing EMT, migration
histone residues and invasion
PARP14 Up-regulated  Glutamate histone ~ Promotes the Warburg effect Poor 100
residues
Patt1 Down- N-terminal residues Enhances apoptosis Unknown 87
regulated of H4 and H2A
PCAF Down- H3K9 Promotes cell autophagy Unknown 3536
regulated and apoptosis
PRMT1/2/4/9 Up-regulated  Arginine histone Promote proliferation, Poor mnr2
residues migration and invasion
PRMT5 Up-regulated H3R8, H2AR3, H4R3 Enhances lipid biosynthesis, Poor AT
cell proliferation, metastatic
potential and self-renewal
SETDB1 Up-regulated = H3K9 Enhances proliferation and  Poor 2
migration
SMYD2 Up-regulated  H3K36, H3K4 Reprogrammes glutamine Poor 4
metabolism
Continued
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Table 1 Continued
Epigenetic Expression in Primary epigenetic Prognosis associated
modulators HCC patients substrate Effect on HCC with expression Reference
SMYD3 Up-regulated  H3K4, H4K5 Enhances proliferation and  Poor 8334
invasiveness
Erasers
HDAC1/2 Up-regulated  N-terminal lysines of Repress tumour suppressor Poor 2
H2A, H2B, H3 and  p21 expression
H4
HDAC3 Up-regulated  N-terminal lysines of Enhances proliferation and ~ Unknown 2
H2A, H2B, H3 and  invasiveness
H4
HDAC5 Up-regulated  N-terminal lysines of Enhances migration and Poor %
H2A, H2B, H3 and  invasion under hypoxia
H4
HDAC6 Down- N-terminal lysines of Suppresses angiogenesis Poor %
regulated H2A, H2B, H3 and  and metastatic and
H4 antiphagocytic potential
HDACS8 Up-regulated  N-terminal lysines of Promotes proliferation and ~ Unknown %
H2A, H2B, H3 and  inhibits apoptosis
H4
KDM1B Up-regulated  H3K4 Enhances proliferation Poor £z
KDM4B Up-regulated  H3K9 Enhances proliferation Poor 2E
KDM1 Up-regulated  H3K4, H3K9 Maintains the shift from Poor %
mitochondrial to glycolytic
metabolism
KDM2A Up-regulated  H3K36 Promotes proliferation, Poor %3
migration and EMT
KDMS3A Up-regulated  H3K9 Promotes proliferation by Poor 5485
inducing expression of HIF1
target genes
KDM5B Up-regulated  H3K4 Represses expression Poor 60-62
of tumour suppressor
molecules
KDM5C Up-regulated  H3K4 Promotes metastasis Poor 64
by repressing BMP7
transcription
KDM6B Up-regulated  H3K27 Modulates EMT by inducing Poor &
SNAI2 transcription
KDM7B Up-regulated H3K9, H3K27, Promotes migration and Unknown &
H4K20 invasion
KDM8 Down- H3K36 Inhibits proliferation Poor gice
regulated by activating CDKN1A
expression
RIOX2 Up-regulated ~ H3K9 Unknown/Non-established ~ Poor "
SIRT1 Up-regulated  H3K9, H3K14, Disrupts bile acid Poor 2
H4K16 homeostasis, sustains
telomerase activity and
activates PIBK/PTEN/AKT
signalling
SIRT2 Up-regulated  H4K16, H3K9 Promotes EMT Poor %
SIRT7 Up-regulated  H3K18, H3K36 Suppresses p53 activity Poor el
Reader-domain containing proteins
Continued
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Table 1 Continued
Epigenetic Expression in Primary epigenetic Prognosis associated
modulators HCC patients substrate Effect on HCC with expression Reference
BRD4 Up-regulated  Acetylated lysine Promotes EMT and Unknown 105
histone residues enhances oncogene
expression
BRD7 Down- H3K9ac, H3K14ac, Activates p53 pathway Poor 109
regulated H4K8ac, H4K12ac
and H4K16ac.
BRD9 Up-regulated  Acetylated lysine Activates the Wnt/B-catenin Poor 108
histone residues and TUFT1/AKT signalling
pathways
BPTF Up-regulated  H3K4me3, Promotes hTERT expression Poor 107
H4K12Ac, H4K16Ac,
H4K20Ac
BRPF1 Up-regulated  H2AK5ac, H4K12ac, Regulates oncogene Poor 108
H4K8ac, H4K5ac, expression
H3K14ac
CHD1L Up-regulated  poly-ADP- Promotes proliferation, Poor (after surgical 110112
ribosylated serine migration, and metastasis resection)
residues by upregulating oncogene
expression and enhancing
autophagy
CHD5 Down- H3K27me3, H3K4  Impairs cell motility and Poor i
regulated invasion
MBD2 Up-regulated  Methylated CpGs Promotes proliferation, Poor (i
migration, and invasion
MeCP2 Up-regulated  Methylated CpGs  Promotes proliferation by Unknown ULCAThE
activating ERK1/2 and
inhibiting p38 activity
UHRF1 Up-regulated  Hemimethylated Modulates the stemness of  Poor 119-123
DNA, H3K9me3, tumour-initiating cells
H3R2
UHRF2 Up-regulated  Hemimethylated Reduces apoptosis and Poor 124
DNA, 5hmC, promotes malignant
H3K9me2/3 phenotype

EMT, epithelial-mesenchymal transition; HCC, hepatocellular carcinoma; HIF, hypoxia inducible factor; hTERT, human telomerase reverse
transcriptase; NETs, neutrophil extracellular traps; SNAI2, Snail family transcriptional repressor 2.

MOF, MOZ, MORF, HBO1). A third group, called p300/
CBP, is often referred to as an ‘orphan class’ because,
despite having acetylase activity, it does not possess true
consensus HAT domains.?! HDAC s, on the other hand,
are a family of enzymes classified into four classes based
on their homology to yeast analogues: class I: Rpd3-like
proteins (HDAGs 1, 2, 3 and 8), located in the nucleus;
class II: Hdal-like proteins (HDAGs 4, 5, 6, 7, 9 and 10),
with both nuclear and cytoplasmic locations; class III:
Sir2-like proteins (SIRT 1-7), also termed sirtuins; class
IV2 1HDAC11, which combines features of classes I and
1L

The addition of negatively charged acetyl groups neutra-
lises the positive charge of lysines, weakening the interac-
tion between nucleosomes and DNA, which results in an
open chromatin structure conducive to transcriptional
activity.” Chromatin relaxation can also be facilitated by

the binding of readers through bromodomains (BrDs),
small modules that can recognise these acetylated modi-
fications.” However, emerging research suggests that
the effects of acetylation extend beyond its electrostatic
effect. For example, histone acetylation may act as a
rheostat to regulate intracellular pH (pHi). Studies have
shown that in certain tumours with low pHi, a reduction
in histone acetylation is observed. Histone deacetylation
appears to promote the release of acetate anions, which
are coexported with protons, thereby contributing to the
stabilisation of pHi.*

Altered expression of HATs and HDAGCs is a major cause
of disrupted histone acetylation dynamics, with HDAGs
being the most extensively studied due to their thera-
peutic relevance. Numerous studies report the upregu-
lation of different HDACs in HCC, such as HDACI1 and
HDAC2, and their inhibition has demonstrated efficacy

Bueloni B, et al. eGastroenterology 2025;3:¢100186. doi:10.1136/egastro-2025-100186
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Figure 1 DNA methylation and demethylation dynamics. (A) DNA methylation is maintained by DNMT1 on hemimethylated

DNA after replication, while DNMT3A/3B catalyse de novo methylation on unmethylated DNA. In mammals, this modification is
primarily found at CpG dinucleotides. (B) DNMTs use SAM as a methyl donor to convert cytosine into 5mC, while TET enzymes
oxidise 5mC to 5hmC, 5fC and 5caC, which can be passively diluted through replication or actively removed via BER. 5caC,
5-carboxylcytosine; 5fC, 5-formylcytosine; 5hmC, 5-hydroxymethylcytosine; 5mC, 5-methylcytosine; a-KG, a-ketoglutarate;
BER, base excision repair; DNMTs, DNA methyltransferases; Me, methylation; SAH, S-adenosylhomocysteine; SAM, S-
adenosylmethionine; Succ., succinate; TETs, Ten-Eleven Translocation enzymes.

in suppressing proliferation and inducing tumour cell
death in various HCC cell lines.” The expression of these
enzymes has also been correlated with a worse prognosis
in different HCC cohorts.* Additionally, HDACS3 serves as
a biomarker for tumour recurrence following liver trans-
plantation in HBV-associated HCC, playing an active role
in regulating tumour cell proliferation and invasion.**
HDACS is also significantly upregulated in HCC tumour
tissue, and its knockdown inhibits HCC cell proliferation
and induces apoptosis.” Moreover, multiple class II and
IIT HDACs (HDAC4, HDACS5, SIRT1, SIRT2 and SIRT7)
are overexpressed in HCC and correlate with poorer

2629 while HDACS acts as a tumour suppressor

prognosis,
in HCC.273031

Similarly, an imbalance in the acetylation/deacetyla-
tion ratio can also result from altered HAT expression.
Inagaki et al reported the upregulation of CBP/p300 in
both HCC and extrahepatic metastatic HCC compared
with non-malignant liver tissues, with p300 expression
strongly correlating with HCC aggressiveness and serving
as a potential predictor of patient survival.”> Other HATs
upregulated in HCC and associated with poor prognosis
include NAT10 and HAT1.%® ** Conversely, PCAF, an

acetyltransferase capable of suppressing HCC growth as
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Figure 2 Molecular dynamics of the most studied histone post-translational modifications (HPTMs) in hepatocellular

carcinoma (HCC). Key modifications involved in HCC include lysine methylation and acetylation, regulated by KMTs/KDMs
and HATs/HDACSs, respectively, which influence chromatin accessibility and transcriptional activity. Additional PTMs, such
as arginine methylation by PRMTs, phosphorylation by kinases, citrullination by PADs and ADP-ribosylation by PARPs also

contribute to epigenetic remodelling. Some of these modifications, such as acetylation, citrullination, phosphorylation and ADP-
ribosylation, alter the charge of the targeted amino acid residues, thereby affecting histone-DNA interactions and chromatin

compaction. In contrast, methylation does not change the residue’s charge but can still influence chromatin structure by serving
as docking sites for regulatory proteins. Ac, acetylation; Ac-CoA, acetyl-coenzyme A; ADPr, ADP-ribose; a-KG, a-ketoglutarate;
BER, base excision repair; Cit, citrullination; CoA, coenzyme A; HATs, histone acetyltransferases; HDACs, histone deacetylases;

JmjC, Jumonji C domain-containing demethylases; KDMs, lysine demethylases; KMTs, lysine methyltransferases;
MARYylation, mono-ADP-ribosylation; Me, methylation; PADs, peptidyl arginine deiminases; PARPs, poly(ADP-ribose)
polymerases; PARylation, poly-ADP-ribosylation; Ph, phosphorylation; PRMTs, protein arginine methyltransferases; SAH, S-
adenosylhomocysteine; SAM, S-adenosylmethionine; Succ., succinate.

it promotes cell autophagy and accelerates apoptosis,
is frequently downregulated in liver cancer tissues.” *°
Apart from correlating to tumour-node-metastasis (TNM)
stages, PCAF expression is also associated with tumour
metastasis.’® In this context, PCAF downregulation
significantly enhances HCC cell migration and invasion
through epithelial-mesenchymal  transition (EMT).”
Similarly, decreased levels of Pattl, a GNAT family acetyl-
transferase whose expression is also lower in HCC tissues,
result in the hypoacetylation of pro-apoptotic genes and
the sgbsequent attenuation of apoptosis in hepatoma
cells.”

Histone methylation

Unlike the clear link between acetylation and transcrip-
tional activation, the effects of histone methylation are
far more complex and unpredictable. This process begins
with the transfer of a methyl group from S-adenosyl-L-
methionine to a lysine or arginine residue on histones.
Both amino acids can undergo mono-, di- or, in the case
of lysine, tri-methylation, with each modification leading
to a distinct transcriptional outcome.” In all cases, the
positive charge of the residues remains unchanged.
Instead, histone methylation drives chromatin recon-
figuration through two main mechanisms: it can either

Bueloni B, et al. eGastroenterology 2025;3:¢100186. doi:10.1136/egastro-2025-100186
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influence the addition of other histone marks—such as
preventing acetylation of lysine residues that are already
methylated—or recruit a highly specific array of proteins
that recognise these modifications. Both mechanisms
contribute to a complex functional landscape.'’ Impor-
tantly, lysine and arginine methylation can interact, either
synergising or counteracting each other’s effect on the
recruitment of readers. For example, the binding affinity
of the transcription factor SPINI to the trimethylated
(me3) lysine (K) 4 on histone 3 (H3) is influenced by the
methylation status of arginine 8 on the same histone.”

Histone lysine methylation

Lysine methylation is carried out by six main classes of
histone lysine methyltransferases (KMTs). The catalytic
activity of nearly all members of this large family is driven
by a Su(var)3-9, enhancer of zeste, or a trithorax (SET)
domain. The exception is the disruptor of telomeric
silencing 1-like methyltransferase, which functions via
a seven-betastrand domain.® Apart from being highly
specific for lysine residues, most KMTs are incapable of
catalysing all degrees of methylation.” This creates a
tightly intertwined relationship between these marks and
their writers, characterised by a certain extent of enzy-
matic redundancy that allows context-dependent regu-
lation of specific activities.” Conversely, histone lysine
demethylases (KDMs) counterbalance KMTs by removing
methylation marks. KDMs have been classified into at
least eight families based on structural and functional
similarities. KDM1 family includes KDM1A and KDM1B,
which use a flavin adenine dinucleotide-dependent
amine oxidase domain to specifically remove mono and
dimethyl marks, but not trimethyl marks.” Meanwhile, the
Jumonji C (JmjC) domain found in the remaining fami-
lies (KDM2-8) enables the removal of all three degrees
of methylation states through their o-ketoglutarate-
dependent hydroxylase activity.” Hence, the final meth-
ylation state results from the balance of the activities of
all KMTs and KDMs, along with the availability of neces-
sary cofactors like o-ketoglutarate and flavin adenine
dinucleotide.

The transcriptional outcome of histone lysine methyla-
tion depends on both the lysine residue involved and the
methylation state. For example, trimethylation at histone
3 (H3) lysine (K) 4 is linked to gene activation, whereas
trimethylation at H3K9 or H3K27 generally correlates
with silenced chromatin states.” Additionally, certain
lysine methylation marks interact closely with other
histone modifications and DNA methylation to finely
regulate gene expression. For instance, bivalent chro-
matin domains marked by both H3K4 and H3K27 meth-
ylation maintain genes in a poised state, allowing them to
shift towards either activation or repression as needed.”

Over the past few years, the understanding of the impact
of histone lysine methylation on HCC pathobiology has
continuously expanded. Altered expression of KMTs and
KDMs can result in abnormal transcriptional activation
or repression, depending on the enzyme’s target and

the cellular context. Interestingly, KMTs and KMDs have
been reported to be more frequently mutated in HCC
patients than HATs or BrDs.'" Among KMTs, EZH2 (also
known as KMT6) has garnered significant attention due
to growing evidence of its increased expression in HCC
tissues, along with an enrichment in H3K27me3 repres-
sive mark."" *' * This correlates with greater tumour
aggressiveness and worse prognosis'' and even holds
diagnostic power, with a sensitivity of 95.8% and a spec-
ificity of 97.8%.* Mechanistically, the protumourigenic
effects of EZHZ2 are linked to the epigenetic suppression
of tumour suppressor microRNAs expression (eg, miR-
200c)," repression of Wnt antagonists® and its interaction
with components of multiple signalling pathways such as
CDKN2A, FOXO3, E2F1 and NOTCH2." In addition,
KMTIA/SUV39HI1, the primary KMT responsible for
establishing the repressive H3K9me3 mark, contributes
to HCC development and metastasis. This also applies
to KMTI1E/SETDBI, identified as the most significantly
upregulated epigenetic regulator in human HCC. Addi-
tionally, SETDBI1 overexpression is associated with poor
prognosis, tumour aggressiveness and disease progres-
sion, and its inhibition reduces HCC cell proliferation
and migration.” More recently, the deletion of SETD2,
a tumour suppressor in various cancer types mutated in
approximately 5% of HCC patients, was shown to be suffi-
cient to induce spontaneous HCC development in mice,
underscoring its critical role in regulating DNA damage
and lipid metabolism in the liver.** Other KMTs upregu-
lated in HCC that have been shown to promote tumour
development include ASHI1L, KMT1C/G9a, SMYD2/
KMT3C and SMYD3."' ¥ Among these, KMTIC role
in HCC progression and metastasis has been linked to
enhanced cell proliferation and adaptation to hypoxia.*’
Finally, SMYD3’s H3K4 trimethyltransferase activity has
been demonstrated to promote gene transcription in
HCC cells, enhancing proliferation and invasiveness
through the upregulation of sphingosine-1-phosphate
receptor 1, cyclin-dependent kinase 2 and matrix metal-
loproteinase 2, among others.*”'

Of equivalent clinical relevance, the dysregulation of
KDMs in HCC and its implications for disease progression
are actively being investigated. Overexpression of KDM1/
LSD1, KDMIB/AOF1, KDM2A/FBXLI11, KDM3A/
JMJDIA, KDM4B/JMJD2B, KDM5B/JARID1B, KDM5C/
JARID1C, KDM6B/JMJD3 and RIOX2 in HCC tissue has
been identified as a poor prognostic factor and is linked to
increased tumour aggressiveness.'' **°® While the precise
mechanisms driving the oncogenic effects of many of
these enzymes remain unclear, specific roles have been
elucidated for certain KDMs. For example, KDMI1 has
been shown to play a role in maintaining the shift from
mitochondrial to glycolytic metabolism in human HCC
cells, a hallmark of most cancers.”’ Additionally, KDM2A
promotes HCC cell proliferation, migration and EMT
enhancement through unc-5 netrin receptor B antisense
RNA 1 (UNC5B-AS1).% In the case of KDMS3A, there is
evidence of an upregulation of the enzyme on hypoxic
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conditions and of its contribution to HCC cell prolifera-
tion, potentially through the removal of repressive H3K9
methylation on hypoxia inducible factor 1 target gene
promoters, such as adrenomedullin.’**> Notably, KDM3A
expression is a significant predictor of HCC recurrence
after hepatic resection,” and its inhibition has been
shown to reduce EMT and invasion under hypoxia, while
maintaining cells in an undifferentiated state. On the
other hand, KDMbB represses the transcription of several
tumour suppressor molecules (eg, CDKN1B, CDKN2B,
miR-448, PTEN) through the demethylation of H3K4me3
on their promoters.””** Therefore, when overexpressed
in HCC tissue, this enzyme drives HCC cell proliferation,
promotes the malignant phenotype and contributes to
hepatocarcinogenesis,” ® while enhancing the meta-
static capacity in vivo and facilitating EMT, migration and
invasion of HCC cells in vitro.® Other demethylases with
similar pro-invasive and pro-metastatic effects are KDM5C,
KDM6B and KDM7B/PHF8. KDM5C exerts its effect by
repressing bone morphogenetic protein-7 transcription
through the removal of H3K4me3, while KDM6B removes
H3K27me3 in Snail family transcriptional repressor 2
promoter to induce its transcription.”” ** Additionally,
KDM7B/PHF8 promotes migration and invasion through
the upregulation of SNAII, vimentin and RBI-inducible
coiled-coil 1 (FIP200).%

Conversely, KDM8/JMJD5 appears to play a tumour-
suppressive role in HCC, as its expression is frequently
downregulated and correlates with a better prognosis."'
Notably, Wu et alfound that the decrease in KDMS8 expres-
sion in HCC specimens is partly due to the dysregulation
of other histone-modifying enzymes, specifically involving
an enrichment of H3K27 and H3K9 trimethylation, along
with a reduction of H3K9ac, H3K27ac and H3K4me2/3
on KDMS8 promoter. Functionally, the authors demon-
strated that KDM8 knockdown leads to a downregulation
of the cell cycle-negative regulator CDKNIA, thereby
accelerating G1/S transition.%

Histone arginine methylation

To date, three families of protein arginine (R) methyltrans-
ferases (PRMTs) have been identified.®” These enzymes
methylate the guanidinium group of arginine residues on
both histone and non-histone proteins, producing specific
methylated arginine products.” Although all three types
of PRMT5s can generate monomethylarginine, only type I
PRMTs can produce symmetric dimethylarginine, while
type II PRMTs are responsible for symmetric dimethy-
larginine.”® Arginine demethylation was long elusive, but
it is now understood that methyl arginine can be directly
removed by JmjC-containing demethylase or converted
into citrulline by peptidyl-arginine deiminases (PADs).”
On methylation, the functional properties of the guan-
idinium group remain intact, whereas PAD-catalysed
conversion results in the loss of the guanidinium group’s
charge and functionality, preventing any possibility of
remethylation.”® Additionally, the interplay between
arginine and lysine methylation is crucial in fine-tuning

gene expression, particularly in poised promoters. For
example, symmetrical dimethylation of H3R2 enhances
the trimethylation of H3K4, an active transcriptional
mark, while its asymmetrical dimethylation antagonises
this process, reducing H3K4me3 levels and thereby
suppressing transcriptional activation.” This illustrates
how different methylation patterns at the same site can
exert opposing effects on transcriptional regulation.

The strong association between PRMT dysregula-
tion and carcinogenesis has sparked significant clinical
interest in targeting arginine methylation as a therapeutic
approach.” However, due in part to its later discovery,
research on arginine methylation in HCC remains
limited, particularly when compared with lysine methyl-
ation.” PRMT5 emerges as one of the first PRMTs iden-
tified as a potential therapeutic target in HCC, due to
its marked upregulation in HCC tissues and its negative
correlation with overall patient survival.*’ Further studies
have demonstrated that PRMT5 overexpression plays
a critical role in HCC tumourigenesis by modulating
key transcription factors, including sterol regulatory
element binding transcription factor 1, B cell transloca-
tion gene 2, B-catenin and hepatocyte nuclear factor 4o.
This results in the hyperactivation of lipid biosynthesis,
increased cell proliferation and metastatic potential, and
enhanced self-renewal of cancer cells.”’ "' Other PRMTs
with pro-tumourigenic functions in HCC include PRMT1,
PRMT?2, PRMT4 and PRMT9, which also associate with
poor clinical prognosis.71 2 Like PRMT5, the overexpres-
sion of these PRMTs has shown to significantly promote
HCC cell proliferation, migration and invasion in vitro.
This occurs through the activation of multiple signalling
pathways, including STAT3, AKT/mTOR and PISK/Akt/
GSK - 3B/Snail.”!

Histone citrullination

In humans, five PAD enzymes convert a positively
charged arginine residue (whether methylated or not)
into neutral citrulline, preventing further methylation of
that residue.” Histone citrullination affects the transcrip-
tional pattern of cells due to its influence on the methyl-
ation status of arginine and lysine residues. For example,
citrullination at H3R2 by PAD4 can shift a promoter
from a poised to a more repressive state by inhibiting
the recruitment of the H3K4 by the MLL methyltrans-
ferase.” ™ Additionally, PAD4 cooperates with HDACI
to repress transcription. In contrast, PAD2 and the meth-
yltransferase polycomb repressor 2 (PRC2) engage in a
competitive dynamic to regulate enhancer activity. The
repressive H3K27me3 mark, established by PRC2, hinders
PADZ2’s ability to catalyse H3R26 citrullination, and vice
versa.” It should be noted that histone citrullination by
PAD4 also plays a crucial role in NETosis, a form of cell
death characterised by the release of chromatin into the
extracellular space.73 This process has been associated
with several cancer hallmarks, including tumour growth,
metastasis and immune escape.
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The role of citrullination in HCC has not been as thor-
oughly studied as other epigenetic modifications, such as
methylation or acetylation. However, emerging evidence
indicates that dysregulation of histone citrullination,
particularly when mediated by PAD4, may contribute to
HCC pathogenesis.”* For instance, elevated serum levels
of citrullinated H3 have shown potential as both diag-
nostic and prognostic markers in patients with advanced
HCC.” A study by Lin et al further demonstrated that
PAD4-mediated histone citrullination promotes HCC
cell metastasis by regulating the expression of E-cad-
herin, a key molecule involved in cell adhesion and
metastasis suppression.”” Furthermore, PAD4 activity
is crucial for the formation of neutrophil extracel-
lular traps (NETs), which contribute to HCC progres-
sion probably by promoting angiogenesis, immune
evasion and metastasis.”’ In this line, PAD4 is believed
to enhance chromatin decondensation, facilitating the
release of chromosomal DNA necessary for NET forma-
tion.”” Additionally, hypoxia-induced PAD4 expression
in HCC cells enhances histone citrullination at hypoxia
response elements, leading to greater DNA accessibility
and activation of HIF target genes, which promote angio-
genesis and tumour growth.” Elevated citrullinated H3
may also contribute to chemoresistance in HBV-related
HCC by upregulating the autog)hagy regulator Beclinl,
thereby enhancing autophagy.”” ™ While PAD4 shows
a clear pro-tumourigenic role in HCC, the impact of
PAD2 on tumourigenesis appears to be multifaceted and
context-dependent. In fact, although PAD2 is upregu-
lated in HCG, its inhibition paradoxically promotes HCC
cells’ proliferation and migration.”™

Histone phosphorylation

Significant efforts have been made to understand how
histone phosphorylation influences chromatin behaviour,
unveiling its critical roles in other chromatin-related
processes, such as DNA damage response (DDR), nucle-
osome assembly, definition of chromatin regions and
apoptosis.”’ Phosphorylation of different histone serine,
threonine or tyrosine residues is meticulously regulated
by specific kinases and phosphatases. Remarkably, there
is less knowledge about histone phosphatases than for
kinases. It is accepted that, although phosphatases are
fewer in number, they achieve the necessary specificity by
interacting with a wide array of targeting subunits, which
direct phosphatases to specific cellular compartments or
protein substrates.*’

Histone phosphorylation impacts chromatin accessi-
bility by integrating effects seen with both histone acetyl-
ation and methylation. As acetylation, phosphorylation
confers a negative charge to histone serine, threonine
and tyrosine residues, leading to an alteration in overall
histone charge that affects histone-histone or histone—
DNA interactions. Additionally, phosphorylated resi-
dues, like methylated ones, can either facilitate or hinder
the binding of specific readers, acting independently
or alongside adjacent HPTMs. In line with this, there

are KS (lysine-serine) domains, such as H3K9S10 and
H3K27S28, where the lysine can be methylated, and the
adjacent serine phosphorylated, creating a combinatorial
code that determines chromatin dynamics.®’ The final
outcomes of histone phosphorylation events depend
heavily on the cellular context and the specific residues
targeted. For instance, phosphorylation of H3 in serines
(S) 10 (H3S10) and 28 (H3S28) plays a critical role in
chromatin condensation during mitosis, while the phos-
phorylation of H2AXS139 (commonly referred to as
¥-H2AX) is pivotal in the DDR.”

The mechanisms by which histone phosphorylation
contributes to the development and progression of HCC
are complex and multifaceted. They involve not only
the direct regulation of key cancerrelated genes but
also interactions with other epigenetic modifications
and transcriptional factors. For example, YH2AX, a well-
established marker of DNA double-strand breaks (DSBs),
is crucial for recruiting DDR proteins to the site of
damage, facilitating the repair response.*” Defects in DSB
repair mechanisms can lead to genomic instability, a hall-
mark of cancer, yet paradoxically, may also be exploited
to induce cancer cell death.® In HCC, elevated levels of
V-H2AX in preneoplastic lesions suggest its potential as
a predictive biomarker.*” Furthermore, its accumulation
is associated with large tumour size, vascular invasion,
advanced TNM stage and poorer patient outcomes after
liver transplantation.®* Beyond its role as a marker of DNA
damage, -H2AX may contribute to HCC progression by
promoting angiogenesis, possibly through modulation of
the EGFR/HIF-10./VEGF signalling pathways.**

After YH2AX, H3S10ph ranks as the second most studied
histone phosphorylation in oncology, though its role in
HCC has been comparatively less explored. H3S10ph is
mediated by Aurora B kinase, which facilitates chromatin
compaction during cell cycle progression by interacting
with other chromatin modifications, like methylation at
H3KO9. This phospho-methyl switch between H3K9 meth-
ylation and H3S10 phosphorylation influences chro-
matin accessibility and gene expression during cell cycle
transitions.” This modification is often upregulated in
HCC, driving the overexpression of growth-promoting
genes and contributing to tumour growth and aggressive-
ness.”” In diethyl nitrosamine-induced carcinogenesis,
H3S10 phosphorylation is enhanced, particularly at the
promoters of Brfl and Pol III genes, both linked to HCC
development in mice. The same study shows that inhib-
iting H3S10ph reduces the expression of these genes,
leading to decreased cell proliferation and transforma-
tion.”® While H3S28ph has also been shown to regulate
Pol III-mediated transcription, its direct role in HCC
remains unclear.’” This gap in knowledge highlights
the need for further research to elucidate how these
epigenetic modifications influence the pathogenesis and
progression of HCC.

On the other hand, it is known that H1.2 is phos-
phorylated at T146 by DNA-dependent protein kinase
(DNA-PK) in response to DNA damage.® In HCC, the
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role of metastasis-associated 1 (MTA1) has been shown
to promote tumour growth and metastasis by interfering
with this phosphorylation process. MTA1 disrupts DNA-
PK-mediated HI1.2T146 phosphorylation, preventing
the binding of phosphorylated HI1.2 to its target genes.
This, in turn, facilitates the expression of genes involved
in cancer proliferation, invasion and metastasis, such as
MMP-9, MMP-7 and cyclin DI. Furthermore, the onco-
genic effects of MTAI are suppressed by the ectopic
expression of H1.2T146ph in HCC cell lines, highlighting
the importance of this phosphorylation in the molecular
pathology of HCC.*

Perturbations in the balance of epigenetic modifications
observed in cancer can arise from the dysregulation of
their writers or erasers. Specifically, altered histone kinase
expression or activity can result in aberrant histone phos-
phorylation, which in turn affects critical processes such
as DNA repair, cell proliferation and chromatin remodel-
ling. In HCC, kinases such as DNA-PK and Aurora kinases
often exhibit altered activity levels, playing a critical role in
tumour progression and therapy resistance. Research has
consistently demonstrated the overexpression of Aurora
A'in HCC tissues and its contribution to radioresistance
through the activation of the NF-kB signalling pathway,
emphasising its potential as a therapeutic target.”’ Aurora
B is also frequently upregulated in HCC and is associated
with mutations in p53 and B-catenin as well as with Aurora
A overexpression. The latter indicates a significant inter-
relation between the two kinases, despite their distinct
chromosomal locations. Beyond this genetic correlation,
Aurora B overexpression is considered an independent
risk factor for the poor prognosis of HCC patients.”’ In
contrast, the role of histone phosphatases in hepatocar-
cinogenesis remains poorly understood.

Histone ADP ribosylation

Histone poly ADP-ribosylation (PARylation) is a multiple-
step process initiated by the transfer of ADP-ribose from
nicotinamide adenine dinucleotide to specific residues
in histones.” This reaction begins with the transfer of
a mono-ADP-ribose moiety, followed by the addition of
further ADP-ribose units (elongation step) to generate
linear or branched structures through the formation of
glycosidic bonds between riboses.”” For the moment, at
least 17 ADP-ribosyltransferases have been described.
However, while most of these enzymes are mono (ADP-
ribosyl) transferases, only PARP-1, PARP-2, PARP-5a and
PARP-5b are able to synthesise polymers of ADP-ribose
(PAR).” % Remarkably, PARP-1 and PARP-2 have redun-
dant functions, as do PARP-5a and PARP-5b.”* In the
nucleus, serine residues are the main target for auto-
PARylation and histone-PARylation, with recent discov-
eries showing that histone glutamic acid and aspartic acid
residues are susceptible to this modification as well.”
On the other hand, PAR chain removal is carried out by
the PAR glycohydrolase PARG and by the PAR hydrolase
ARHS 929

After histones, PARP-1 stands as the most abundant
protein within the nucleus.” Even more, it is well known
that PARP-1/PARP-2 play critical roles as regulators of
transcription, nucleosome remodelling and DDR by
modifying not only histones and other DNA-associated
proteins.” Under physiological conditions, the activity of
PARP-1/PARP-2 on nucleosomes promotes sustained tran-
scription by facilitating chromatin relaxation.”* PARP-1/
PARP-2 can extensively PARylate the core of histones to
promote chromatin relaxation during a wide variety of
DNA damage contexts and serve as scaffolds for DNA
repair machinery.” PARP-1 also acts as a DNA damage
sensor, thanks to its N-terminal Zn finger domains and
facilitates DNA repair.”> Meanwhile, PARP-2 is recruited
to DNA damage sites thanks to its tryptophan, glycine and
arginine (WGR) motif.”

Research on ADP ribosylation in cancer has historically
centred on its role in DDRs, focusing on its importance in
repairing and maintaining genomic integrity. An example
of thisis how the interaction of the hepatitis B virus X protein
with PARP1 may impair DNA repair mechanisms and
alter PARP1-induced epigenetic modifications, leading to
abnormal gene expression during the early stages of hepa-
tocarcinogenesis.”” However, recent studies have extended
the scope of ADP ribosylation beyond direct histone ribo-
sylation to include the modulation of numerous biological
processes that are essential for cancer cell survival and
metastasis. Recent findings on HCC have highlighted the
critical role of PARP10 and PARP14 in disease progression
and metabolic adaptation. While PARP10 can act as both a
tumour suppressor and an oncogene,”” increasing evidence
supports a tumour-suppressive role in HCC. For instance, it
has been reported that PARP10 significantly hinders HCC
metastasis through the mono-ADP-ribosylation (MARy-
lation) of Aurora A kinase, leading to a reduction of its
kinase activity.”® This has a negative impact on EMT and
thereby reduces tumour cell migration and invasion capa-
bility. The relevance of PARP10 in halting cancer progres-
sion is further emphasised by its diminished expression
in metastatic HCC compared with primary tumours and
adjacent non-cancerous tissues.” Additionally, the inactiva-
tion of PARP10 through a feedback mechanism involving
PLKI and NF-B signalling has been linked to accelerated
HCC progression.” This is partly due to PARP10’s role
in modulating the NF-xB pathway by interfering with the
ubiquitin-mediated degradation of NF-xB essential modu-
lator (NEMO), a key component of the IkB kinase (IKK)
complex.” As a result, the phosphorylation and subse-
quent inactivation of PARP10 by PLKI lead to the activa-
tion of NF-kB signalling. In turn, NF-kB transcriptionally
inhibits PARP10 expression, causing its downregulation
and promoting HCC development. Conversely, the MARy-
lation of PLKI by PARP10 dampens PLK1’s kinase activity
and oncogenic potential in HCC,” illustrating the complex
interplay between phosphorylation and MARylation.

Further research into the metabolic adaptations of HCC
has identified PARP14 as a key regulator of the Warburg
effect, a metabolic hallmark of cancer characterised by
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elevated aerobic glycolysis."” PARP14 indirectly fosters
this metabolic pathway by maintaining low PKM2
activity, which is critical for sustaining aerobic glycolysis
and supporting tumour cell survival. In the absence of
PARP14, PKM2 is phosphorylated and activated by the
pro-apoptotic kinase c-Jun N-terminal Kinase 1 (JNKI),
promoting the conversion of glucose to pyruvate and
impairing the Warburg effect. Moreover, PARP14 is over-
expressed in primary HCC tumours and is associated with
poor prognosis.'”

HPTMS AND DNA READERS

A fast-growing collection of reader domains links different
sets of histone and DNA modifications to otherwise unex-
plainable transcriptional outcomes. Grouped into fami-
lies based on unifying structural features, these domains
are integral components of downstream effectors that are
recruited to specific epigenetic marks to regulate gene
expression.'”’ Some reader domain families recognise
multiple HPTMs, while others display high specificity.'”
For instance, chromodomains specifically bind to H3K9
or H38K27 dimethylation or trimethylation marks.'"
Similarly, methylated residues can also be recognised by
malignant brain tumour, Tudor and plant homeodomain
domains.'*? Meanwhile, 14-3-3 protein domains and
macrodomains bind to phospho-ribosyl and ADP-ribosyl-
histones, respectively. In addition, reader domains such
as PWWP have bivalent engagement through the recogni-
tion of specific HPTMs and DNA sequences, allowing for
increased selectivity.'”! Noteworthy, most of these domains
are present in dozens of proteins. For example, as many
as sixty-one different (although highly conserved) BrDs
are encoded in the human proteome, distributed across
forty-six nuclear and cytoplasmic proteins, including
histone methyltransferases, HATs and HAT-associated
proteins, transcriptional co-activators and mediators,
helicases, and ATP-dependent chromatin remodelling
complexes. BrDs target chromatin-modifying enzymes
to specific genomic sites, often acting as transcriptional
co-activators. For instance, BRD4 recruits P-TEFDb,
which phosphorylates RNA polymerase II, thereby facil-
itating transcriptional elongation.'” Conversely, chro-
modomains are associated with gene silencing. In this
context, the chromodomain-containing protein HPI
promotes chromatin compaction by recruiting multiple
repressive factors, including HDACs and DNMTs, to
methylated H3K9.'”

DNA methylation, on the other hand, can recruit
methyl-binding proteins (MBPs) to methylated sites,
where they function as scaffolds to recruit members of
chromatin remodelling complexes.'”* MBPs are broadly
categorised into three main families: methyl-CpG binding
domain (MBD) proteins, which specifically recognise
symmetrically methylated CpG dinucleotides; SET-
associated and Really Interesting New Gene (RING)-
associated domain-containing proteins, which display
higher binding affinity towards hemi-methylated regions;

and methyl-CpG binding zinc finger proteins, which
can bind to both methylated and unmethylated DNA.'"*
Collectively, these MBP families translate DNA methyla-
tion marks into transcriptional activation or repression,
depending on the cellular context.

Epigenetic readers are pivotal in interpreting the
histone code, and their dysregulation can lead to
abnormal gene expression, fuelling oncogenesis, tumour
growth and metastasis. Among these, BRD4 has attracted
considerable attention for its elevated expression in
HCC tissues, where it promotes EMT. BRD4 binds acetyl-
ated histones, particularly H3K27ac, which are highly
present in large enhancers known as super-enhancers,
driving the transcription of oncogenes.'” Other BRD-
containing proteins, including BRDY9, Bromodomain
Phd-Finger Transcription Factor (BPTF) and BRPF1, also
contribute to HCC progression through distinct mecha-
nisms that are only partially understood. BRD9’s onco-
genic role is likely associated with the activation of the
Wnt/B-catenin and TUFT1/AKT signalling pathways.'"
Meanwhile, BPTF influences the transcriptional upreg-
ulation of human telomerase reverse transcriptase,
and BRPFI regulates various oncogenes, including E2F2
and EZH2."" In contrast, BRD7 appears to activate the
p53 pathway in HCC, indicating a potential tumour-
suppressive function.'” While less studied, chromo-
domain proteins are increasingly recognised for their
roles in hepatocarcinogenesis.

CHDI1L, a chromatin-remodelling protein, frequently
amplified in HCC, transcriptionally activates several onco-
genes during liver carcinogenesis, promoting cell survival
and spontaneous liver tumour formation in mouse
models.""’ Additionally, CHDIL promotes HCC cell
migration and metastasis through ZKSCAN3-mediated
autophagy,'"' and its overexpression may drive HCC
dedifferentiation by facilitating chromatin access for crit-
ical developmental transcription factors.'”” On the other
hand, CHD5 is emerging as a critical tumour suppressor
in HCC, orchestrating an intricate tumour-suppressive
network.""? Its inactivation, often due to promoter hyper-
methylation and PRC2-mediated H3K27me3, correlates
with metastasis and poor prognosis.'"”

Regarding DNA methylation readers, the MBD protein
family is the most extensively studied in HCC. Recent
findings highlight MBD1 as a key driver of HCC progres-
sion and metastasis, operating in an axis that involves
IncRNA SNHG20 and miR-5095. LncRNA SNHG20 stabi-
lises MBD1 expression by acting as a sponge for miR-
5095, which otherwise suppresses MBD1 expression.'*
Similarly, a regulatory axis involving MBD2, IncRNA
LOC105369748 and miR-5095 has been identified, paral-
leling the mechanism of MBD1."" This suggests analo-
gous pathways for gene expression regulation in liver
cancer, based on intricate interactions among specific
IncRNAs, miRNAs and MBD proteins. Additionally,
MBD2 overexpression is associated with poor survival
in HCC after hepatic resection.''® Methyl-CpG-binding
protein 2 (MeCP2), another MBD protein, also displays
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copy number amplification in HCC, promoting cell
proliferation by activating ERKI1/2 and inhibiting p38
activity,''” 118

Altered expression of SET-associated and RING-
associated ~ domain-containing  methylated-cytosine
readers has also been extensively documented in HCC.
Through this domain, Ubiquitin Like With PHD And
Ring Finger Domains 1 (UHRF1) recognises hemi-
methylated DNA during replication,'” ensuring DNA
methylation maintenance and supporting DNMT stability
and functionality. Frequently overexpressed in HCC,
UHRF1 has been associated with tumour proliferation,
metastasis and poor prognosis.'’” 'Y Interestingly, its
silencing induces global hypomethylation and epigeneti-
cally reprogrammes cancer cells towards differentiation,
effectively reducing cancer stem cell traits and tumour
growth in HCC models." However, studies in zebrafish
hepatocytes revealed that UHRF1 overexpression may
also drive DNA hypomethylation by decreasing DNMT1
levels and its interaction with DNA."*! This process charac-
terises an aggressive HCC phenotype marked by genomic
instability, mutations in TP53 and the disruption of the
TP53-induced senescence pathway. Emerging evidence
further implicates circUHRF1 in immune modulation,
specifically by impairing Natural Killer (NK) cell func-
tion and contributing to resistance to anti-PD1 immuno-
therapy.'” UHRF1 also boosts CSF1 expression through
DNA hypomethylation at its promoter, thereby fostering
tumour-associated macrophage accumulation.'” These
examples illustrate how a complex interplay between
epigenetic dysregulation and the immune environment
dynamics can contribute to HCC progression. UHRF2,
while less studied, has been suggested to exert a similar
pro-tumoural role in HCC.'**

IMPACT OF METABOLISM ON THE REGULATION OF EPIGENETIC
MACHINERY

At this point, it is important to mention an addi-
tional regulatory layer arising from the intersection
between epigenetic and metabolic processes. Since
many epigenetic modifiers depend on cellular metab-
olites as cofactors or substrates, metabolite fluctua-
tions can directly influence chromatin state and gene
expression by modulating the epigenome.” Addition-
ally, the accumulation of certain cellular metabolites
can suppress the activity of key epigenetic enzymes.
For example, elevated levels of the ketone body B-hy-
droxybutyrate inhibit HDACGs, while tricarboxylic
acid (TCA) cycle intermediates like succinate and
fumarate inhibit o-ketoglutarate-dependent enzymes,
including TET demethylases and KDMs.”

Moreover, reactive metabolites can induce non-
enzymatic covalent modifications (NECMs) to nucle-
otides and histones, such as glycation resulting from
interactions with reducing sugars. These modifica-
tions directly influence chromatin structure and
function, thereby affecting cell phenotype. Unlike

enzyme-mediated post-translational modifications,
NECMs depend primarily on the cellular microen-
vironment and tend to accumulate progressively
over time. In turn, epigenetic mechanisms can regu-
late the expression of metabolic genes, shaping the
cellular metabolic profile."® Furthermore, certain
metabolic enzymes, including those involved in the
synthesis of SAM and acetyl-CoA, can translocate to
the nucleus and directly regulate metabolite levels at
specific genomic loci.'” With hepatocytes at the core
of intermediary metabolism, this interplay between
epigenetics and metabolism becomes particularly
relevant in the liver. For instance, an imbalance in
the homeostasis of the methyl donor SAM within
hepatocytes affects both DNA and histone meth-
ylation patterns, potentially contributing to HCC
development.'

LIMITATIONS, CONCLUSIONS AND FUTURE PROSPECTS

This review offers a comprehensive analysis of the epigen-
etic mechanisms that influence hepatocarcinogenesis. It
covers well-documented alterations in DNA and histone
methylation patterns as well as abnormalities in emerging
HPTMs in HCC, such as ADP-ribosylation and citrullination
(figure 3). Additionally, it provides an updated overview of
the role of epigenetic readers in shaping the dysregulated
transcriptional landscape characteristic of HCC. However,
certain epigenetic regulators relevant to HCC development,
such as non-coding RNAs, were not extensively discussed,
as they fall beyond the scope of this review and have been
described in detail elsewhere.'* ¥

Elucidating the epigenetic dependencies of HCC is essen-
tial for the development of novel therapeutic strategies.
Although numerous HPTMs have been identified over
the past decade, their roles in HCC remain largely unex-
plored. Among these are lactylation, associated with glyco-
lytic metabolism; succinylation, linked to the TCA cycle; and
hydroxybutyrylation, derived from ketone bodies.'® Inves-
tigating these modifications systematically is especially rele-
vant in a metabolically dynamic liver, where intermediary
metabolites are closely tied to chromatin regulation. The
reciprocal interplay between tumour metabolic reprogram-
ming and epigenetic regulation has emerged as a promising
area of research. Oncometabolites can influence the activity
of epigenetic enzymes, while epigenetic alterations drive
the deregulated expression of metabolic genes.'* However,
the impact of this metabolic-epigenetic crosstalk on hepa-
tocarcinogenesis, particularly in the context of metabolic
dysfunction-associated steatotic liver disease, remains poorly
characterised.

Epigenetic research of HCC has traditionally centred
on hepatocytes due to their central role in liver function
and hepatocarcinogenesis. However, the epigenetic regu-
lation of the HCC tumour microenvironment (TME) has
emerged as a critical area of study, given its influence on
tumour initiation and progression. Increasing attention is
now directed towards elucidating the epigenetic landscape
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Figure 3 Epigenetic aberrations in DNA methylation and HPTMs in hepatocellular carcinoma (HCC). (A) Global DNA
hypomethylation contributes to genomic instability, while promoter hypermethylation leads to the silencing of tumour
suppressor genes, promoting tumour progression. (B) HPTM writers, readers and erasers that are frequently overexpressed
(red) or downregulated (blue) in HCC are depicted. Dysregulated expression of these epigenetic modulators disrupts histone
modification patterns, leading to aberrant chromatin remodelling and altered accessibility. The resulting transcriptional
reprogramming contributes to tumour growth, immune evasion, and therapy resistance. BRD, bromodomain-containing protein;
CHD, chromodomain helicase DNA-binding protein; HAT, histone acetyltransferase; HDAC, histone deacetylase; HPTMs,
histone post-translational modifications; KDM, lysine demethylase; KMT, lysine methyltransferase; MBD, methyl-CpG binding
domain protein; Me, methylation; PRMT, protein arginine methyltransferase; SRA, SET and RING-associated domain-containing

proteins; TSGs, tumour suppressor genes.

of key non-parenchymal populations, such as hepatic stel-
late cells and tumour-associated macrophages. For instance,
it is now well established that histone acetylation and DNA
methylation regulate the immunosuppressive functions of
myeloid-derived suppressor cells and modulate the expres-
sion of immune checkpoints, including PD-L1."* ' Despite
substantial knowledge gaps regarding the role of TME
epigenetic reprogramming in HCC progression, these find-
ings highlight the importance of viewing epigenetics as a
multifaceted phenomenon encompassing multiple cell types
rather than one confined to hepatocytes. Similarly, research
is shifting from the study of individual epigenetic marks
and modulators to integrative approaches that explore the
interplay between distinct epigenetic mechanisms and their
interactions with metabolic pathways, structural chromatin
elements and other regulatory processes. This evolution

reflects the growing recognition of the intricate and intercon-
nected nature of epigenetic regulation in HCC.

To address this complexity, integrating artificial intel-
ligence with advanced technologies such as single-cell
multiomics, spatial transcriptomics and network phar-
macology is becoming essential. These cutting-edge
approaches enable high-throughputscreening to uncover
patterns and dependencies that would otherwise remain
undetectable. This information could be used to predict
potential toxicities, off-target effects and compensatory
mechanisms, thus overcoming some of the current limita-
tions of epigenetic therapies. For instance, epigenetic
drugs (‘epidrugs’) with promising preliminary results,
such as the DNMT inhibitor guadecitabine, have faced
toxicity issues in clinical trials for HCC. Moreover, several
epidrugs, including decitabine for DNA methylation and
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belinostat for histone modifications, have been approved
for haematologic malignancies; however, their use in
solid tumours, including HCC, remains limited. Beyond
monotherapy, epidrugs are increasingly being explored
in combination therapies to enhance treatment responses
and overcome resistance mechanisms.” Given the revers-
ible nature of epigenetic alterations, these therapies hold
promise for reprogramming malignant gene expression
without the risks associated with direct modification of the
DNA sequence." For example, guadecitabine has been
shown to activate the expression of endogenous retrovi-
ruses that are epigenetically silenced in HCC cells."” This
leads to an innate immune response that could improve
the efficacy of immune checkpoint inhibitors. A clinical
trial is currently evaluating the combination of guadecit-
abine and the anti-PD-L1 antibody durvalumab in diges-
tive tumours, including HCC.'® The growing body of
experimental evidence reinforces the potential of epigen-
etic therapies, emphasising the importance of addressing
the challenges associated with their development and
clinical implementation.
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