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Abstract: Hepatocellular carcinoma (HCC) is a highly heterogeneous malignant tumor determined by multiple molecular driver
events and tumor microenvironment remodeling. Multidisciplinary integrated studies have systematically revealed that HCC can
be classified into several functional subtypes with internal consistency in multi-level molecular characteristics but significant
differences among subtypes, including Wnt/B-catenin activated type, proliferative/chromosomal instability type, metabolic/
hepatocyte-like type, and immune microenvironment-dominant type. These subtypes exhibit fundamental differences in signaling
pathway dependence, immune ecological architecture, and therapeutic sensitivity, directly determining the efficacy of targeted
therapy and immunotherapy. Current systemic therapies still face significant challenges in patient selection and resistance
control, highlighting the necessity of precision treatment based on molecular subtyping. This review summarizes the biological
basis of major molecular subtypes of HCC, focuses on subtype-guided strategies for immunotherapy combination, targeted
therapy combination, and metabolic intervention, and emphasizes the potential value of dynamic subtyping and resistance
monitoring in precision systemic therapy.
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1. Etiological evolution and biological heterogeneity basis of hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer globally, with its occurrence closely
associated with a background of chronic liver disease, including viral hepatitis, cirrhosis, and the increasingly prominent
metabolic dysfunction-associated steatotic liver disease (MASLD) and metabolic dysfunction-associated steatohepatitis
(MASH). With improved prevention and control of viral hepatitis and the increasing burden of metabolism-related
liver diseases, the etiological composition and disease spectrum of HCC exhibit continuous evolution and significant
heterogeneity .

In clinical practice, the majority of hepatocellular carcinoma (HCC) patients are diagnosed at intermediate or
advanced stages and often present with varying degrees of hepatic dysfunction. This condition partially limits the efficacy

of radical local therapies and imposes higher requirements on the safety and tolerability of systemic treatments .
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At the biological level, high-throughput sequencing and multi-omics integration studies have demonstrated that
hepatocellular carcinoma (HCC) is not a single disease entity but rather consists of multiple tumor subpopulations with
systematic differences in driver gene events, differentiation status, metabolic characteristics, and tumor microenvironment
(TME) "', This multidimensional heterogeneity not only determines tumor invasion behavior and patient survival
outcomes but also profoundly influences the efficacy of targeted therapy, immunotherapy, and metabolic interventions.
Therefore, systematic molecular and biological typing of HCC is a critical prerequisite for understanding its heterogeneity

and advancing precision systemic treatment strategies .

2. Functional molecular subtypes and biological characteristics of hepatocellular
carcinoma

The molecular subtyping of early hepatocellular carcinoma is primarily established based on transcriptomic studies,
such as Boyault’s G1-G6 subtyping, Hoshida’s S1-S3 subtyping, and Chiang’s five-category classification system.
Subsequently, multi-omics integrated studies have further systematically refined and functionally annotated these
subtypes . Different subtypes exhibit highly consistent and reproducible systematic differences in driver gene profiles,
activation status of key signaling pathways, genomic stability, epigenetic regulatory background, tumor microenvironment
composition, and metabolic phenotypes, which are closely associated with histological differentiation degree, clinical
aggressiveness, and treatment sensitivity . The following section focuses on hepatocellular carcinoma subtypes that have
been repeatedly validated across multiple independent studies, demonstrating clear biological significance and potential
clinical translational value.

2.1. Wnt/B-catenin activation type: Carcinogenic signal-driven and immune rejection phenotype

This subtype has been repeatedly identified across multiple typing systems (e.g., Boyault’s G5/G6, Chiang’s CTNNBI1-
related class, and Hoshida’s S3). The classic molecular feature involves mutations in the hot region of CTNNBI1 (encoding
[-catenin), such as in exon 3, which lead to -catenin stabilization and nuclear translocation, subsequently activating the
expression of downstream Wnt/B-catenin signaling genes (e.g., GLUL, LGR5, AXIN2) "”.

At the histological level, this subtype predominantly manifests as moderately to highly differentiated tumors, with
some retaining hepatocyte-specific metabolic functions, relatively low cellular proliferative activity, and overall high
genomic stability """, Although its growth rate may be relatively slow, it exhibits a highly characteristic immune rejection
state from an immunological perspective.

Extensive studies have demonstrated that Wnt/B-catenin-activated hepatocellular carcinoma (HCC) is typically
associated with significantly reduced immune cell infiltration, exhibiting an immune-excluded or immune-desert
phenotype. Mechanistic research suggests that Wnt signaling may limit effector T cell infiltration into the tumor core by
suppressing chemokine expression and impairing dendritic cell (DC) recruitment and antigen presentation function, thereby
leading to primary resistance to PD-1/PD-L1 immune checkpoint inhibitors (ICI). However, single-cell transcriptomics
and spatial transcriptomics studies further reveal significant spatial structural and cellular state heterogeneity within
this subtype . Consequently, this subtype is widely regarded as a critical research model for exploring Wnt pathway
regulation, tumor microenvironment (TME) remodeling, and immunotherapy combination strategies.

2.2. Proliferative/chromosomal instability type: Genomic aberration-driven highly aggressive
phenotype

This subtype roughly corresponds to Boyault’s G1~G3, Chiang’s proliferation type, and Hoshida’s S1/S2 subtypes. Its core
molecular characteristics include significant upregulation of genes related to cell cycle regulation and DNA damage repair,
TP53 mutations, and widespread chromosomal copy number variations ">'*.

Furthermore, this subtype is often associated with amplification or aberrant activation of proto-oncogenes such as
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MYC, CCND1, and FGF19/FGFR4, which further drive rapid tumor cell proliferation, invasive growth, and treatment resistance
351 Multiple large-scale multi-omics studies, including TCGA, have consistently demonstrated the high concordance of
this subtype across genomic, transcriptomic, and clinical outcomes. Its hallmark features include poor prognosis, significantly
elevated risk of early recurrence, and pronounced heterogeneity in response to systemic therapy .

In terms of histological and clinical characteristics, this subtype predominantly exhibits poorly differentiated status,
with a higher incidence of vascular invasion and satellite nodules, often accompanied by elevated serum alpha-fetoprotein
(AFP) levels "*'". From a treatment dependency perspective, these tumors are highly dependent on proliferative, vascular,
and growth signaling pathways, making multi-target tyrosine kinase inhibitors (TKIs) and anti-angiogenic therapies (e.g.,
VEGF/VEGFR inhibitors) potentially beneficial for patients. However, due to widespread signal pathway redundancy
and compensatory activation, single-targeted agents often fail to maintain long-term efficacy, necessitating exploration
of combination or sequential cross-pathway inhibition strategies based on subtype matching ">, Notably, the FGF19-
FGFR4 pathway demonstrates clear targeting potential in patients with specific molecular backgrounds, representing one

of the key directions in current translational research and clinical trials "’

2.3. Metabolic/Hepatocyte-like phenotype: Differentiation lineage and metabolic program
characteristics

Metabolic status serves as a critical dimension for understanding the biological heterogeneity and therapeutic response
of hepatocellular carcinoma (HCC). Metabolic/hepatocyte-like subtypes typically retain or partially retain hepatocyte-
specific metabolic functions, including cytochrome P450 (CYP) enzyme system activity, bile acid metabolism, and fatty
acid oxidation capacity. These tumors exhibit higher histological differentiation, relative genomic stability, and generally
favorable prognosis ™. In contrast, certain HCC cases demonstrate significant metabolic reprogramming features, such as
enhanced glycolytic pathways or abnormal activation of specific lipid metabolism routes. Such tumors are often associated
with activation of pro-proliferative and dedifferentiation signaling pathways, including PI3K/AKT/mTOR, NOTCH, and
TGF-B, and are closely linked to aggressive phenotypes and poor prognosis.

The integration of single-cell sequencing with multi-omics studies enables the identification of subtypes with strong
metabolic-immune coupling, such as glycan-HCC, characterized by glycosylation-related pathways or lipid-HCC,
dominated by abnormal lipid metabolism. These findings suggest that tumor metabolic states can shape the immune
microenvironment through multiple mechanisms and influence treatment sensitivity * >’ Consequently, metabolic
targeted therapies and metabolic-immune combination interventions are increasingly becoming key research directions for
this type of hepatocellular carcinoma.

2.4. Immune and microenvironment-dominant type: Structural features of tumor microenvironment
and immune ecology characteristics

The tumor microenvironment is one of the key factors driving the heterogeneity of hepatocellular carcinoma (HCC) and
exerts a decisive influence on its immunological phenotype. From an immunological ecology perspective, HCC exhibits a
continuum ranging from immune-hot (characterized by abundant activated CD8" T cells, activated dendritic cells (DCs),
and NK cells accompanied by IFN-y signaling) to immune-excluded or immune-desert states (where immune cells are
obstructed by dense stroma or abnormal vascular architecture) !,

Patients with immune-hot tumors are generally more likely to benefit from immune checkpoint inhibitors (ICIs)
monotherapy or ICI combination therapy with anti-angiogenic agents. In contrast, immune-cold or immune-excluded
tumors exhibit limited efficacy of single ICI therapies due to tumor-associated fibroblasts (CAF)-mediated stromal barriers,
enrichment of immunosuppressive myeloid cells, and abnormal vascular architecture, which hinder effective infiltration of
effector immune cells into the tumor core . Studies have demonstrated that the immune-vascular combination strategy
(atezolizumab + bevacizumab) significantly improves overall survival and progression-free survival in patients with

unresectable hepatocellular carcinoma, establishing a robust clinical foundation for tumor microenvironment (TME)-
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guided therapy

There is a clear coupling relationship between molecule-driven events and TME status. For instance, CTNNBI1
activation is typically associated with immune rejection phenotypes, while proliferative/chromosomal instability tumors are
more likely to exhibit enhanced VEGF-A/VEGFR signaling and an immunosuppressive microenvironment *”’. Therefore,
systematically incorporating TME features into the classification framework can facilitate more accurate prediction of ICI

and targeted therapy efficacy, while providing critical biological insights for elucidating drug resistance mechanisms*.

3. Limitations of current systemic therapies against molecular heterogeneity

3.1. Impact of molecular and immune heterogeneity on systemic therapeutic efficacy

The multidimensional heterogeneity of hepatocellular carcinoma directly leads to significant differences in systemic
treatment responses among various subtypes. The Wnt/B-catenin activated type, immune-hot/immune-cold type,
metabolic reprogramming type, and proliferative/chromosomal instability type exhibit fundamental distinctions in tumor
microenvironment (TME) characteristics and pathway dependence, profoundly influencing the therapeutic efficacy of
immune checkpoint inhibitors (ICI) and targeted therapies ™. Taking the Wnt/B-catenin activated subtype as an example,
its inadequate intratumoral T-cell infiltration and impaired dendritic cell (DC) recruitment partially explain its inherent
resistance to PD-1/PD-L1 therapy "**”. Therefore, reliance solely on traditional clinical or pathological indicators fails
to adequately account for heterogeneous responses to systemic treatments across patients, highlighting the necessity of
incorporating molecular and immunological subtypes into clinical classification systems.

3.2. Mechanisms of targeted therapy resistance and the necessity of combination therapy

Multitarget TKIs (such as sorafenib and lenvatinib) have partially improved survival outcomes in patients with advanced
hepatocellular carcinoma (HCC), but their efficacy is often limited by tumor clone evolution, compensatory activation of
signaling pathways, and drug resistance mediated by factors such as the tumor microenvironment (TME). Proliferative/
chromosomal instability tumors typically exhibit multiple driver pathways (including VEGF, FGF19/FGFR4, PI3K/AKT/
mTOR, and RAS/MAPK), with compensatory activation among pathways and tumor stem cell characteristics collectively
contributing to rapid failure of single TKI therapy " Additionally, redistribution of immunosuppressive cells within the
TME, cytokine imbalance, and enhanced stromal barriers promote TKI and immune checkpoint inhibitor (ICI) resistance
to varying degrees, particularly in immunosuppressive or immune-rejection HCC ),

The REFLECT study (lenvatinib versus sorafenib) demonstrated that, despite comparable overall efficacy, significant
variations in benefit levels were observed among different patients, further highlighting the necessity of stratification
strategies to identify more suitable treatment populations "*. Therefore, stratification-based combination therapies with
cross-pathway inhibitors or sequential treatment strategies, as well as combination therapies targeting both tumor cells and

the microenvironment, represent key approaches to overcoming hepatocellular carcinoma resistance.

3.3. Bottlenecks in the translation of molecular subtyping into clinical decision-making

Although classification systems such as those developed by Boyault, Hoshida, and Chiang have been repeatedly validated
in both biological and predictive aspects, they have not yet been widely incorporated into routine clinical guidelines or
transformed into standardized clinical decision-making tools ", Key limitations include heterogeneity across different
study cohorts, lack of unified and operational biomarker detection standards, and insufficient prospective validation data.
To achieve a precision treatment pathway encompassing “classification-treatment matching-dynamic monitoring-real-time
adjustment,” it is imperative to establish classification methods implementable on clinical testing platforms and conduct

systematic prospective validation in multicenter cohorts **.
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4. Precision systematic treatment strategy for hepatocellular carcinoma based on
molecular subtyping

4.1. Individualized immunotherapy strategies based on immunotypic analysis

Precision immunotherapy should be based on accurate identification of immune subtypes in hepatocellular carcinoma.
By integrating immune activity scores, ICI-related gene signatures, and molecular subtyping information, it is possible to
more accurately predict ICI benefit populations and guide personalized immunotherapy regimens. For immune-hot tumors,
ICI monotherapy or ICI combined with anti-angiogenic therapy is typically the first-line approach. In contrast, for non-
inflammatory (non-inflamed) tumors, particularly immune-rejection subtypes with high Wnt signaling, monotherapy with
ICI alone is often insufficient to restore effector T cell function. Combined strategies, such as ICI combined with anti-
VEGF, anti-TGF-f agents, or therapies promoting dendritic cell (DC) recruitment and activation, are preferred to enhance
T-cell infiltration and improve immune responses *>**, Emphasizing standardized detection of candidate biomarkers
(e.g., CTNNBI status, immune cell infiltration characteristics, and IFN-y-related signatures) will facilitate the practical

application of immune subtyping in clinical decision-making "'*,

4.2. Targeted combination therapy strategy guided by molecular driving pathways

Targeted combination therapy with subtype-specific matching for specific driver pathways is one of the core strategies for
achieving precision systemic treatment. For proliferative/chromosomal instability tumors, given the significant activation
of VEGF-A/VEGFR and FGF19/FGFR4 pathways, the combination of VEGF inhibitors with ICI or the introduction of
FGFR4 inhibitors in FGF19-positive patients may provide additional benefits by improving the tumor microenvironment
(TME) and enhancing immune responses "*. In the Wnt-high subtype, although direct inhibition of the Wnt pathway
remains technically challenging, immune rejection can be indirectly overcome through downstream effect modulation,
RNA interference strategies, or combined TME remodeling approaches ">, Overall, a rational combination of molecular
targeting and immunomodulation must be based on robust biological evidence and validated for safety and efficacy
through prospective clinical trials.

5. Conclusion

In summary, hepatocellular carcinoma is not a single disease entity, but rather a highly heterogeneous collection of
molecular subtypes formed through the combined effects of multiple molecular driver events and dynamic remodeling
of the tumor microenvironment. The molecular classification system established through multi-omics integration
systematically delineates the biological characteristics and therapeutic response differences among various subtypes
from dimensions such as signaling pathway dependence, immune ecology, and metabolic programs, thereby providing a
mechanistic foundation for precision systemic therapy.

Current evidence-based medical studies indicate that traditional treatment models relying on clinical staging and
pathological characteristics struggle to explain significant interpatient variability in therapeutic outcomes. Although
molecular subtype-guided stratification strategies demonstrate value in optimizing patient selection and improving
efficacy prediction, single treatment approaches often fail to sustain long-term efficacy due to factors such as tumor clonal
evolution, compensatory activation of signaling pathways, and adaptive remodeling of the microenvironment. Treatment
resistance remains a critical factor limiting long-term prognosis.

Therefore, the key to precision therapy lies in establishing an integrated framework of “classification-intervention-
monitoring”: developing a standardized and clinically accessible molecular classification system to achieve treatment
matching; designing cross-pathway combination intervention strategies based on subtype-driven mechanisms to overcome
drug resistance; and leveraging liquid biopsy, single-cell, and spatial multi-omics technologies to enable dynamic
monitoring of molecular classification and temporal optimization of treatment strategies.
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Overall, the integrated application of molecular typing, tumor microenvironment analysis, and dynamic monitoring

constitutes a critical foundation for advancing hepatocellular carcinoma treatment from empirical approaches to

mechanism-driven precision medicine, while providing a methodological framework for continuous optimization of

therapeutic strategies in intermediate-and advanced-stage patients.
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