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ABSTRACT

Hepatocellular Carcinoma (HCC) remains a formidable global health challenge, characterized by its complex
etiology, aggressive progression, and high mortality rates. Metabolic reprogramming is a hallmark of cancer,
and lactate, a key end-product of glycolysis, has emerged as more than just a metabolic waste product. Recent
groundbreaking research has unveiled lactate’s role as a signaling molecule through a novel Post-Translational
Modification (PTM) known as lactylation. Protein lactylation, particularly histone lactylation, directly links cel-
lular metabolism to epigenetic regulation, profoundly influencing gene expression, protein function, and cel-
lular phenotypes. In the context of HCC, an increasing body of evidence highlights the widespread and critical
involvement of lactylation in various pathological processes, including tumor initiation, progression, metastasis,
immune evasion, and therapeutic resistance. This comprehensive review synthesizes the current understanding

of protein lactylation in HCC, detailing its intricate mechanisms, diverse functional roles in metabolic repro-
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gramming, epigenetic regulation, immune modulation, and its significant implications as a diagnostic, prognostic, and

therapeutic target. By elucidating the multifaceted contributions of lactylation, we aim to provide a deeper insight into

HCC biology and pave the way for novel therapeutic strategies.

Keywords: Hepatocellular Carcinoma; Lactylation; Post-Translational Modification; Lactate; Metabolic Reprogramming;

Immune Evasion; Drug Resistance

INTRODUCTION

Hepatocellular Carcinoma (HCC) is the most common
primary liver malignancy and a leading cause of cancer-
related deaths worldwide (Befeler & Di Bisceglie, 2002;
Shan & Jia, 2023; T. Yang et al., 2023). Its development
is often linked to chronic liver diseases such as viral
hepatitis (HBV, HCV), alcohol-related liver disease,
Non-Alcoholic Fatty Liver Disease (NAFLD), and
cirrhosis (Caldwell et al., 2004; Di Bisceglie et al., 1988;
Ganne-Carrié & Nahon, 2024). The complex etiology
and heterogeneous nature of HCC pose significant
challenges for diagnosis and treatment (Befeler & Di
Bisceglie, 2002). Despite advancements in surgical
resection, liver transplantation, and systemic therapies,
recurrence rates remain high, and treatment efficacy
is often limited by acquired drug resistance (Shimada
et al., 1996). A deeper understanding of the molecular
mechanisms driving HCC pathogenesis is crucial for

developing more effective therapeutic interventions.

Cancer cells exhibit profound metabolic alterations,
collectively known as metabolic reprogramming, to
support their rapid proliferation and survival (Yin et
al., 2025). A prominent feature of this reprogramming
is the Warburg effect, where cancer cells preferentially
utilize glycolysis for energy production even in the
presence of oxygen, leading to increased lactate
production (Lin et al., 2022). Historically considered
a metabolic waste product, lactate has recently been
recognized as a crucial signaling molecule that can
regulate various cellular processes, including gene
expression, cell proliferation, and immune responses
(Li et al., 2022; Lin et al., 2022).

In 2019, a novel post-translational modification (PTM),
lysine lactylation (Kla), was discovered, directly linking
lactate metabolism to epigenetic regulation (Izzo &
Wellen, 2019; Liberti & Locasale, 2019). Lactylation
involves the covalent attachment of a lactyl group to

lysine residues on proteins, utilizing lactyl-CoA as a
substrate (Liberti & Locasale, 2019). This discovery
revolutionized our understanding of lactate’s biological
roles, demonstrating its capacity to directly modulate
protein function and gene expression through
epigenetic mechanisms (1zzo & Wellen, 2019; Zhang et
al., 2019). Since its identification, lactylation has been
found to be widely present across the human proteome
and plays critical roles in various physiological and
pathological contexts, including cancer (Li et al., 2022;
Wan et al., 2022).

In HCC, lactylation has emerged as a significant
player, influencing a myriad of cellular processes that
contribute to tumor initiation, progression, metastasis,
and therapeutic resistance (Zhonghua Wang et al.,
2025; Y. Yang et al., 2025; Yin et al., 2025). This review
aims to provide a comprehensive overview of the
current knowledge regarding protein lactylation
in HCC, focusing on its mechanisms, functional
implications, and potential as a diagnostic, prognostic,
and therapeutic target.

MECHANISMS AND REGULATION OF
PROTEIN LACTYLATION IN HCC

Protein lactylation is a dynamic and reversible PTM
that directly links cellular metabolic state, particularly
lactate levels, to protein function and gene expression.
Its regulation involves “writers” that add the lactyl
group, “erasers” that remove it, and “readers” that
interpret the lactylation signal.

Histone Lactylation: An Epigenetic Switch in HCC

Histone lactylation, especially on lysine residues
of histones, is a critical epigenetic modification that
directly couples metabolic changes to transcriptional
regulation (Izzo & Wellen, 2019; Liberti & Locasale,
2019; Yang et al., 2024). It often marks active enhancers
and promoters, leading to gene activation, and has

been shown to compete with histone acetylation for the
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same lysine residues, acting as a “glycolytic switch” (Dai
et al., 2021). In HCC, histone lactylation is extensively
involved in shaping the tumor’s epigenetic landscape
and driving its malignant phenotype (Zhonghua Wang
et al., 2025).

Specific Histone Lactylation Sites and Their Impact:
H3K18la: This specific histone lactylation site has been
frequently implicated in HCC progression. It promotes
the expression of ESM1, a gene associated with tumor
progression (Zhao et al., 2024). Moreover, H3K18la
is upregulated after microwave ablation, leading
to increased NFS1 transcription, which enhances
ferroptosis resistance and promotes HCC metastasis
(Huang et al., 2025). PYCR1, an enzyme involved in
proline metabolism, has been shown to promote HCC
progression by upregulating IRS1 expression through
H3K18la (H. Wang et al., 2024). A positive feedback
loop involving SRSF10, glycolysis, lactate, and H3K18la
drives M2 macrophage polarization, contributing to
immune evasion and PD-1 resistance in HCC (Cai et al.,
2024). H2B K58la: Lactate, mediated by LDHA, drives the
lactylation of H2B K58 on NDRG1, contributing to HCC
senescence resistance (L. Li et al., 2025). H3K9la and
H3K14la: These sites are targeted by RJA, a compound
that exhibits anti-HCC activity by inhibiting their
lactylation (H. Xu et al., 2023). Histone Lactylation
and Stemness: Histone lactylation promotes MCM7
expression, which is crucial for maintaining HCC stem
cell properties and resistance to radiotherapy (Z. Liu et
al., 2025).

Regulators of Histone Lactylation: Writers
(Lactyltransferases): The acetyltransferase CBP
(CREB-binding protein) has been identified as a
lactyltransferase. It regulates TPX2 lactylation, which in
turn enhances AURKA phosphorylation and promotes
cell cycle progression in HCC (Shengzhi Liu et al., 2025).
While CBP’s direct role as a histone lactyltransferase
in HCC is strongly implied by its general function as
an acetyltransferase and its involvement in TPX2
lactylation, further direct evidence for its specific
histone lactyltransferase activity in HCC is still
emerging. Erasers (Delactylases): Class I histone
deacetylases (HDAC1, HDAC2, and HDAC3) have been

identified as histone lysine delactylases (Moreno-
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Yruela et al., 2022). High expression of HDAC1/2 is
associated with poor prognosis in HCC (Cai et al., 2023),
suggesting that their delactylase activity might play a
role in HCC progression, although the precise substrates
and mechanisms require further investigation. SIRT3, a
sirtuin family deacetylase, has also been shown to act
as a delactylase, inhibiting HCC growth by delactylating
cyclin E2 (Jin et al., 2023). Modulators: DML (a small
molecule) inhibits H3 lactylation, thereby suppressing
HCC stem cells (Pan et al., 2022). Dihydroartemisinin
(DHA) reverses the immune-cold microenvironment in
HCC by inhibiting YAP1, which in turn reduces histone
lactylation (Gao et al., 2025). YBX1 O-GlcNAcylation
drives a positive feedback loop involving glycolysis
and histone lactylation, promoting HCC (Ji et al., 2025).
Liver stellate cells also contribute to HCC development

by promoting histone lactylation (Yu et al., 2024).

Non-Histone Protein Lactylation: Expanding
the Regulatory Landscape

Beyond histones, a growing number of non-histone
proteins have been identified as targets for lactylation,
significantly broadening the functional scope of this
PTM in HCC (Hong et al., 2023; Song et al., 2024). These
lactylated proteins are involved in diverse cellular
processes, including metabolism, signal transduction,
and immune responses.
Key Non-Histone Proteins and Their Lactylation in
HCC: USP14 and ABCF1: These proteins were among
the first non-histone targets identified in the initial
lactylation map of HCC (Hong et al., 2023). Their
lactylation sites, along with MRPL3, serve as diagnostic
indicators for HCC and its metastasis (Wu, 2023).
Specifically, ABCF1-K430 lactylation activates the HIF1
pathway, promoting HCC progression (Hong et al., 2025).
MRPL3: As mentioned, MRPL3 lactylation is associated
with mitochondrial function and serves as a novel
prognostic biomarker for HCC (Xingetal., 2025). CA3: De-
lactylation of CA3 has been shown to weaken its tumor-
suppressive effect by restoring DUOX2 expression
(Yan et al., 2024). This highlights that lactylation can
also inhibit protein function, and its removal can have
oncogenic consequences. ZNF207 and PRDX1: ZNF207
drives the lactylation of PRDX1, which in turn activates
NRF2, leading to resistance to regorafenib (RGF) and
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evasion of ferroptosis in HCC (T. Yang et al., 2025).
TPX2: As discussed earlier, TPX2 lactylation, regulated
by CBP and HDAC1, enhances AURKA phosphorylation,
promoting cell cycle progression (Shengzhi Liu et al.,
2025). IGF2BP3: Lactylation of IGF2BP3, mediated by
PARK?7 at K76, promotes lenvatinib resistance in HCC
by upregulating FSP1, thereby leading to ferroptosis
resistance (Zhu et al., 2025). Another study showed
IGF2BP3 lactylation promotes lenvatinib resistance
through the PCK2/NRF2-m6A loop (Zhu et al., 2025).
AK2: Lactylation at the K28 site of AK2 inhibits its
activity, promoting HCC progression (Z. Yang et al.,
2023). YTHDC1: Driven by histone lactylation, YTHDC1
promotes HCC by remodeling lipid metabolism (Du et
al., 2024). GP73: Activated by histone lactylation and
c-Myc, GP73 promotes angiogenesis in HCC through
STAT3 signaling (Ye et al., 2024). LDHA: Beyond its role
in lactate production, LDHA activates YAP through
lactylation, promoting HCC progression (Wei et al.,
2025). It also mediates H2B K58 lactylation of NDRG1,
driving senescence resistance (L. Li et al., 2025). USP34:
Histone lactylation drives USP34 to promote cisplatin
resistance in HCC (Fan et al., 2025). GPC3: Knockdown of
GPC3 inhibits HCC cell growth and glycolysis by reducing
lactylation (Yao & Yang, 2023). SRSF10: As part of a
positive feedback loop with glycolysis/lactate/H3K18la,
SRSF10 promotes M2 polarization, leading to immune
evasion and PD-1 resistance (Cai et al., 2024). CENPA:
K90 lactylation of CENPA hinders its binding with CRM1,
leading to its nuclear retention and enhanced HCC
malignancy (L. Wang et al., 2024). ALDOA: Lactylation
of ALDOA inhibits its enzymatic activity (Wan et al.,
2022). Furthermore, ALDOA lactylation weakens its
interaction with DDX17, enhancing DDX17 function
and maintaining liver cancer stem cell stemness (Feng
et al., 2024). ASH2L-K312: Lactylation of ASH2L at K312
promotes angiogenesis in HCC by upregulating VEGFA
(Han et al., 2025). HECTD2: Lactylation drives HECTD2,
limiting the response of HCC to lenvatinib (Dong et
al., 2025). Rab7A: Lactate promotes Rab7A lactylation,
which in turn enhances HCC exosome production and
lung metastasis (Jiang et al., 2025). NUPR1: Lactate drives
the upregulation of NUPR1, promoting macrophage-
mediated immunosuppression in HCC (Cai et al., 2025).
SPTAN1: SPTAN1 lactylation activates the NOTCH1/
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HES1 pathway, promoting immune suppression in HCC

(Zengbin Wang et al., 2025).

Enzymatic Regulation of Non-Histone Lactylation:
Writers: CBP is a known lactyltransferase (Shengzhi Liu
et al., 2025). PARK7 mediates IGF2BP3-K76 lactylation.
ZNF207 drives PRDX1 lactylation (T. Yang et al., 2025).
LDHA mediates NDRG1 H2B K58 lactylation (L. Li et al.,
2025). Erasers: SIRT3 delactylates cyclin E2 (Jin et al.,
2023). Class 1 HDACs (HDAC1-3) are also delactylases
(Moreno-Yruela et al., 2022). Tools for Detection/
Prediction: DeepKla is a computational tool for
predicting protein lysine lactylation sites (Lv et al.,
2022). YnLac chemical reporter genes can be used to
detect protein lactylation (Sun et al., 2022). The intricate
crosstalk between lactylation drivers, substrates, and
downstream oncogenic processes is schematically

summarized in Figure 1.

FUNCTIONAL ROLES OF LACTYLATION IN
HCC PATHOGENESIS

Lactylation, by modifying both histones and non-
histone proteins, exerts profound effects on various
aspects of HCC biology, from metabolic reprogramming

to immune evasion and therapeutic resistance.

Metabolic Reprogramming and Epigenetic
Plasticity

Lactylation serves as a core metabolic-epigenetic node
connecting metabolic reprogramming and epigenetic
plasticity in HCC (Y. Yang et al., 2025; Yin et al., 2025).
The abundance of lactate, a direct precursor for lactyl-
CoA, directly influences the extent of protein lactylation
(Li et al., 2022; Liberti & Locasale, 2019). Glycolysis and
Lactate Production: The Warburg effect in HCC leads to
increasedlactate production, whichfuelslactylation (Lin
etal., 2022). This creates a positive feedback loop where
glycolysis-driven lactate promotes histone lactylation,
which in turn can upregulate glycolytic enzymes or
related pathways (Cai et al., 2024; Dai et al., 2021; Ji et
al., 2025). For instance, GPC3 knockdown inhibits HCC
cell growth and glycolysis by reducing lactylation (Yao
& Yang, 2023). Lipid Metabolism: Histone lactylation
drives YTHDC1, which remodels lipid metabolism
to promote HCC (Du et al., 2024). This highlights
the intricate interplay between different metabolic
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Figure 1: The molecular mechanism and functional network of lactylation in hepatocellular carcinoma. This schematic
summarizes the regulatory axis and functional consequences of protein lactylation in HCC. The lactylation cycle (center)
depicts how lactate is converted to lactyl-CoA to drive lysine lactylation (Kla). The process is regulated by writers (e.g., CBP,
PARK7, ZNF207) and erasers (e.g., HDAC1-3, SIRT3). Lactylation targets include histone sites (e.g., H3K18la, H2B K58la) and
non-histone proteins (e.g., TPX2, ABCF1, IGF2BP3, ALDOA, Rab7A, SPTAN1). These modifications collectively drive four key
aspects of HCC biology: (D Metabolic Reprogramming & Epigenetic Plasticity, @ Tumor Growth & Progression, (3 Tumor
Microenvironment & Immune Evasion, and @ Therapy Resistance. Arrows indicate promoting effects; blunted lines indicate
inhibitory effects. Abbreviations: HSC, hepatic stellate cell; TME, tumor microenvironment.

pathways regulated by lactylation. Mitochondrial
Function: MRPL3, a mitochondrial ribosomal protein,
is a lactylated protein whose lactylation is related to
mitochondrial function and HCC prognosis (Xing et al.,
2025). This suggests a role for lactylation in regulating
mitochondrial activity, which is crucial for cancer cell
bioenergetics. Autophagy: Lactate connects glycolysis
with autophagy through lactylation, indicating
a broader role in cellular homeostasis and stress

responses (Sun et al., 2023).
Growth,

Progression

Tumor Proliferation, and

Lactylation directly impacts HCC cell proliferation,
growth, and overall tumor progression through
Cell Cycle Regulation: TPX2
lactylation, regulated by CBP/HDAC1, enhances AURKA

phosphorylation, a key event in cell cycle progression

various mechanisms.

(Shengzhi Liu et al., 2025). Lactate itself can influence
cell cycle progression through various mechanisms (Lin
etal., 2022). YAP Activation: LDHA-mediated lactylation
activates YAP,
factor, thereby promoting HCC progression (Wei et al.,
2025). Similarly, K90 lactylation of CENPA promotes

its nuclear retention by hindering its interaction

a crucial oncogenic transcription
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with CRM1, enhancing HCC malignancy by affecting
YAP signaling (L. Wang et al., 2024). Gene Expression
the
expression of oncogenes like ESM1, contributing to HCC
progression (Zhao et al., 2024). ABCF1-K430 lactylation

activates the HIF1 pathway, a central regulator of

Regulation: Histone lactylation promotes

hypoxia-induced tumor progression (Hong et al., 2025).
ASH2L-K312 lactylation upregulates VEGFA, a key pro-
angiogenic factor (Han et al., 2025). PYCR1 promotes
HCC progression by upregulating IRS1 through H3K18la
(H. Wang et al., 2024). Tumor Suppressor Inactivation:
CA3 de-lactylation, by restoring DUOX2 expression,
weakens its tumor-suppressive role, indicating that
maintaining lactylation on certain proteins can be
tumor-suppressive (Yan et al., 2024). Conversely,
SIRT3-mediated de-lactylation of cyclin E2 inhibits
HCC growth (Jin et al., 2023). Liver Stellate Cells: Liver
stellate cells, key players in liver fibrosis, promote HCC
development through histone lactylation (Yu et al.,

2024).

Tumor Microenvironment and Immune
Evasion

The tumor microenvironment (TME) is a complex
that influences  tumor

ecosystem profoundly

@ Global Open Access Journal of Science


https://goajs.com/index.php/Global-Open-Access

progression and response to therapy. Lactylation plays
a significant role in shaping the TME, particularly in
promoting immune evasion (Y. Li et al., 2025; Piao et
al., 2025; Zhonghua Wang et al., 2025; Yang et al., 2024).
PD-L1 Stabilization: Histone lactylation contributes to
immune therapy resistance by stabilizing PD-L1 through
MVP, leading to immune evasion in HCC (Shuang
Liu et al., 2025). Macrophage Polarization: A positive
feedback loop involving SRSF10, glycolysis, lactate, and
H3K18la drives M2 macrophage polarization, which
is associated with immunosuppression and immune
evasion (Cai et al., 2024). Lactate also drives NUPR1
upregulation,  promoting  macrophage-mediated
immunosuppression in HCC (Cai et al., 2025). T Cell
Modulation: Lactate can promote the differentiation
of CD4+ T cells into Thi cells and enhance the anti-
tumor activity of JAML+ CD8+ T cells (Chen et al.,
2025). However, the overall effect of lactylation on T
cells in the HCC TME is complex and can be context-
dependent, often leading to an immunosuppressive
environment. Immune Suppression: SPTAN1 lactylation
activates the NOTCH1/HES1 pathway, contributing
to immune suppression (Zengbin Wang et al., 2025).
Immune Cold Microenvironment: Dihydroartemisinin
(DHA) has been shown to reverse the immune-cold
microenvironment in HCC by inhibiting YAP1 and
subsequently reducing histone lactylation (Gao et al.,
2025). This suggests that targeting lactylation could be
a strategy to “reheat” the immune-cold TME. Immune
Therapy Resistance: Abnormal lactate metabolism
and lactylation modifications significantly affect the
efficacy of immunotherapy in HCC (Shuang Liu et al.,
2025; Piao et al.,, 2025; Y. Xu et al.,, 2023; Zhang et al.,
2025).

Metastasis and Angiogenesis

Lactylation also contributes to the metastatic potential
of HCC and promotes angiogenesis, a critical step for
tumor growth and dissemination. Metastasis: H3K18la
upregulation after microwave ablation enhances
ferroptosis resistance and promotes HCC metastasis
(Huanget al., 2025). Lactate promotes Rab7A lactylation,
which in turn enhances HCC exosome production and
lung metastasis (Jiang et al., 2025). Angiogenesis: GP73,

activated by histone lactylation and c-Myc, promotes
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angiogenesis through STAT3 signaling (Ye et al,
2024). ASH2L-K312 lactylation upregulates VEGFA, a
potent pro-angiogenic factor, thereby promoting HCC
angiogenesis (Han et al., 2025).

DRUGRESISTANCE AND THERAPY RESPONSE

Amajor challenge in HCC treatment is the development
of resistance to various therapies. Lactylation has been
identified as a significant contributor to this resistance.
Chemotherapy Resistance: Histone lactylation drives
USP34 to promote cisplatin resistance in HCC (Fan et
al., 2025). Lenvatinib Resistance: IGF2BP3 lactylation,
mediated by PARK7, promotes lenvatinib resistance
by upregulating FSP1, leading to ferroptosis resistance
(Zhu et al., 2025). Another study also linked IGF2BP3
lactylation to lenvatinib resistance via the PCK2/NRF2-
m6A loop (Lu et al., 2024). Lactylation driving HECTD2
also limits the response of HCC to lenvatinib (Dong et
al., 2025). Regorafenib (RGF) Resistance: ZNF207 drives
PRDX1 lactylation, activating NRF2 and leading to RGF
resistance and ferroptosis evasion (T. Yang et al., 2025).
Radiotherapy Resistance: Histone lactylation promotes
MCM?7 expression, maintaining liver cancer stem cell
characteristics and resistance to radiotherapy (Z. Liu
et al., 2025). Ferroptosis Resistance: Several lactylation
events contribute to ferroptosis resistance, a form of
regulated cell death that can be exploited in cancer
therapy. These include H3K18la upregulation (Huang et
al., 2025), ZNF207-driven PRDX1 lactylation (T. Yang et
al., 2025), and PARK7-mediated IGF2BP3-K76 lactylation
(zhu et al., 2025). Senescence Resistance: Lactate, via
LDHA-mediated H2B K58 lactylation of NDRG1, drives

HCC senescence resistance (L. Li et al., 2025).

Clinical Significance and Therapeutic

Implications

The extensive involvement of lactylation in HCC
pathogenesis highlights its potential as a valuable
clinical tool for diagnosis, prognosis, and therapeutic

intervention.

Diagnostic and Prognostic Biomarkers: Lactylation-
related markers and gene signatures show promise
for improving HCC diagnosis and predicting patient
outcomes. Specific Protein Lactylation: USP14 and
ABCF1lactylationsiteshavebeenidentified as diagnostic
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indicators for HCC and its metastasis (Hong et al., 2023).
MRPL3 lactylation is a novel prognostic biomarker for
HCC, correlating with mitochondrial function (Xing et
al., 2025). Lactylation-Related Gene Signatures: Several
studies have developed lactylation-related gene
signatures that can be used for HCC diagnosis, prognosis
prediction, and even prediction of immune therapy
response (Cheng et al., 2023; Luan, 2025; Yi et al., 2025;
Yu et al., 2025; Zhang et al., 2025). These signatures can
alsoidentify distinct HCC subtypes (Chenetal.,2024) and
characterize liver fibrosis phenotypes associated with
HCC progression (Li et al., 2024). Cholangiocarcinoma-
associated HCC: Lactylation remodeling influences the
characteristics of cholangiocarcinoma-associated HCC,
affecting patient survival (Lin et al., 2025). Hypoxia-
Glycolysis-Lactylation Axis: A gene signature related to
the hypoxia-glycolysis-lactylation axis can predict HCC
prognosis and immune therapy efficacy (Yi et al., 2025).

Therapeutic Targets: The enzymes involved
in lactylation and specific lactylated proteins
represent promising therapeutic targets for HCC.
Targeting Lactylation Writers/Erasers: Inhibiting
lactyltransferases like CBP or PARK7 could reduce
oncogenic lactylation events (Shengzhi Liu et al., 2025;
Zhu et al., 2025). Activating delactylases like SIRT3 or
enhancing the activity of Class I HDACs (in specific
contexts where lactylation is oncogenic) could reverse
pro-tumorigenic lactylation (Jin et al., 2023; Moreno-
Yruela et al., 2022). However, given the dual role of
HDACs in HCC (Cai, et al., 2023), careful consideration
of their specific substrates and context is necessary.
Targeting Specific Lactylated Proteins: Inhibiting the
function of oncogenic lactylated proteins (e.g., USP34,
GPC3, SRSF10, CENPA, ALDOA, ASH2L, HECTD2, Rab7A,
NUPR1, IGF2BP3) or restoring the function of tumor-
suppressive ones (e.g., CA3) could offer therapeutic
benefits. Small Molecule Interventions: DML, an
inhibitor of H3 lactylation, has shown promise in
suppressing HCC stem cells (Gao et al., 2025). RJA inhibits
H3K9la and H3K14la, demonstrating anti-HCC activity
(H. Xu et al., 2023). Dihydroartemisinin (DHA) reverses
immune-cold HCC by reducing histone lactylation
via YAP1 inhibition (Gao et al., 2025). Targeting

Downstream Pathways: Modulating pathways activated
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by lactylation, such as YAP, NRF2, STAT3, NOTCH1/
HES1, and HIF1, could also be effective (Hong et al., 2025;
Zengbin Wang et al., 2025; Wei et al., 2025; T. Yang et al.,
2025; Ye et al., 2024). Immunotherapy Enhancement:
Given lactylation’s role in immune evasion and
immunotherapy resistance, targeting lactylation could
sensitize HCC to existing immunotherapies (Shuang Liu
et al., 2025; Piao et al., 2025; Y. Xu et al., 2023; Zhang
et al., 2025). Novel Th Lactylated SPTAN1 Accelerates
Hepatocellular Carcinoma Progression by Promoting
NOTCH1/HES1 Acti erapeutic Targets: Specific histone
lactylation genes like NR6A1, OSBP2, and UNC119B
have been identified as potential therapeutic targets in
HCC (Wu et al., 2023).

CONCLUSION

Protein lactylation has emerged as a critical
and pervasive post-translational modification in
hepatocellular carcinoma, intricately linking metabolic
reprogramming to epigenetic regulation and diverse
cellular functions. From its initial discovery as a novel
PTM, research has rapidly unveiled its profound impact
on HCC pathogenesis, encompassing tumor initiation,
progression, metastasis, immune evasion, and the
development of therapeutic resistance. Both histone
and non-histone protein lactylation events, regulated
by specific “writers” and “erasers,” orchestrate
complex changes in gene expression, protein activity,
and cellular phenotypes. The widespread involvement
of lactylation in key oncogenic pathways and its direct
correlation with clinical outcomes underscore its
significant potential as a diagnostic and prognostic
biomarker. Furthermore, the identification of specific
lactylation sites, their regulatory enzymes, and the
downstream signaling cascades they influence, opens
new avenues for developing targeted therapeutic
strategies. By precisely modulating lactylation, either
through inhibiting lactyltransferases, activating
delactylases, or targeting specific lactylated proteins,
we may be able to disrupt critical oncogenic processes,
overcome drug resistance, and enhance the efficacy of
current HCC treatments. The continued exploration
of lactylation’s multifaceted roles promises to yield
innovative approaches for combating this challenging

malignancy. A comprehensive roadmap translating
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these mechanistic insights into clinical applications-
encompassing biomarker discovery and therapeutic
intervention-is presented in Figure 2.
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Figure 2: Lactylation as a clinical translation roadmap in hepatocellular carcinoma. This roadmap illustrates the diagnostic,
prognostic, and therapeutic potential of lactylation in HCC. Left panel (Biomarkers): Lactylation-based biomarkers include
specific protein lactylation sites (e.g., USP14/ABCF1, MRPL3) and lactylation-related gene signatures, which can be detected
via multi-omics approaches and applied for early diagnosis, prognosis stratification, immunotherapy response prediction, and
fibrosis tracking. Center panel (Therapeutic Strategies): Interventions targeting lactylation include inhibiting writers (e.g., CBP,
PARK?7), activating erasers (e.g., SIRT3), targeting key lactylated proteins (e.g., IGF2BP3, GPC3, Rab7A), using small-molecule
modulators (e.g., DML, RJA, DHA), and combining with immunotherapy to overcome resistance. Right panel (Future Directions):
Emerging tools (e.g., DeepKla, YnLac) and novel targets (e.g., NR6A1, OSBP2) are highlighted for further exploration of lactylation
in HCC. Solid arrows indicate established or ongoing translational paths; dashed arrows indicate emerging research directions.
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