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Editorial on the Research Topic
 Hepatocellular carcinoma: novel treatment strategies, volume III




Hepatocellular carcinoma (HCC) is the most common pathological type of liver tumor, and its risk factors vary significantly across countries or regions (1). In Europe and the United States, alcoholic liver disease predominates, whereas in East Asia-Pacific regions represented by mainland China, HBV, HCV, and other hepatitis viruses, along with virus-related acute and chronic liver diseases, are the primary contributors (2). Despite substantial progress in antiviral treatments for HBV and HCV, as well as the significant impact of mandatory universal HBV vaccination for newborns, mainland China still has over 80 million people infected with HBV or HCV or suffering from virus-related acute and chronic liver diseases (2, 3). Consequently, HBV-related research remains critically important (4). Our Research Topic “Hepatocellular Carcinoma: Novel Treatment Strategies” focuses on new advances and strategies in HCC treatment and has now reached its third volume. Through this editorial, we aim not only to introduce the articles published in this Research Topic but also to encourage the submission of more related research works for the forthcoming “Volume IV.”

The current landscape of HCC treatment has been revolutionized by immune checkpoint inhibitors (ICIs), targeted therapies, and novel therapeutic combinations. Yang et al. summarize pivotal findings from the 2024 ASCO Annual Meeting, highlighting emerging therapies including ICIs, CAR-T cell therapies, oncolytic viruses, and locoregional treatments such as transarterial chemoembolization (TACE) and hepatic arterial infusion chemotherapy (HAIC), thereby underscoring the imperative for sustained innovation. Future efforts should prioritize overcoming resistance mechanisms, optimizing combination regimens, and integrating biomarker-driven approaches to enhance clinical outcomes and advance personalized treatment paradigms.

Malignancies such as hepatocellular carcinoma (HCC) represent complex, polygenic diseases, making multi-gene, and multi-factor panel-based diagnostic models a current research trend. For instance, Shi and Hu established a machine learning-based prediction model to assess the prognosis of male HBV-induced HCC patients with smoking and alcohol consumption habits following local ablation treatment. This model identifies key risk factors, including monocyte levels, globulin concentrations, and the platelet-albumin-bilirubin (PALB) score, providing accurate prognostic predictions for this specific patient subgroup. Separately, Liu et al. employed bioinformatics analysis to construct a prognostic framework incorporating six critical genes: ANXA2, APOA1, EZH2, IGF2BP3, SQSTM1, and TNFRSF11B.

Concurrently, the landscape of HCC treatment strategies has evolved from monotherapy to multimodal combinations, progressing from dual-therapy regimens to triple or even quadruple therapeutic approaches. Zhang et al. demonstrated the prognostic significance of early alpha-fetoprotein (AFP) and des-gamma carboxy prothrombin (DCP) responses in unresectable HCC patients undergoing triple combination therapy, noting that AFP or DCP response at 6–8 weeks post-treatment serves as an early predictor of superior oncological outcomes. Shang et al.'s retrospective analysis revealed that triple combination immunotherapy confers significantly enhanced survival benefits over standard chemotherapy as second-line treatment for advanced biliary tract cancer. In a multicenter cohort study, Zhao et al. delineates the distinct advantages of transarterial chemoembolization combined with lenvatinib plus tislelizumab for unresectable HCC. Gkika et al., through a pooled analysis of two prospective studies, elucidates the prognostic role of the ALBI score in patients receiving stereotactic body radiotherapy for locally advanced primary liver tumors.

Citrate synthase (CS), a key rate-limiting enzyme in the tricarboxylic acid (TCA) cycle, plays a crucial role in cancer progression, though its mechanism in promoting liver cancer growth remains incompletely understood. Recent evidence indicates that succinylation of CS is essential for sustaining mitochondrial function and driving cellular proliferation in liver cancer cells. Cao et al. demonstrated that targeting SIRT5-mediated de-succinylation of CS represents a promising therapeutic strategy for hepatocellular carcinoma. Their work revealed that SIRT5 interacts directly with CS to mediate de-succinylation specifically at lysine 375 (K375). Succinylation at CS-K375 was shown to enhance mitochondrial activity and ATP production in HepG2 cells while reducing intracellular reactive oxygen species (ROS) levels and promoting proliferation. Conversely, de-succinylation at K375 significantly impaired mitochondrial function, decreased ATP levels, elevated ROS accumulation, and induced apoptosis in HepG2 cells. These findings not only elucidate the regulatory mechanism of the SIRT5/citrate synthase signaling axis but also offer novel therapeutic insights for HCC treatment.

A well-conducted literature review holds critical importance, enabling researchers to rapidly comprehend the fundamental landscape and research advancements within a field. Gan et al. provide a comprehensive analysis of the dual role of Nrf2 signaling in hepatocellular carcinoma, encompassing its contributions to tumor development, immune evasion mechanisms, and associated therapeutic challenges. Similarly, Tian et al. offer an extensive examination of non-coding RNA regulatory mechanisms in hepatocellular carcinoma, highlighting their implications for both therapeutic strategies and prognostic assessment.

We hope that the findings from the papers published in this Research Topic can have a substantial impact on real-world clinical practice. We also expect to initiate Volume IV of the Research Topic in the near future and receive more interesting and valuable papers.
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Hepatocellular carcinoma (HCC) presents a malignant pathology known for its high early recurrence rate following curative treatment, significantly impacting patient prognosis. Currently, effective strategies to mitigate early HCC recurrence remain undetermined. In this report, we document a case of HCC managed with curative radiofrequency ablation (RFA), particularly in a patient facing a high risk of early recurrence due to a substantial tumor size. In an effort to forestall recurrence, immune checkpoint inhibitors (ICIs) were preemptively administered for 6 months post-RFA. Despite this, early recurrence ensued upon ICIs cessation. Traditionally, the approach to advanced HCC has been conservative, yet recent years have seen promising outcomes with ICIs in advanced HCC. However, research on ICIs retreatment is limited. In the short term, this patient experienced widespread metastases post-ICIs discontinuation, yet exhibited prompt regression upon ICIs reinitiation. Notably, this represents the initial documented instance of employing ICIs to forestall recurrence subsequent to curative RFA in HCC. Following ICIs discontinuation, diffuse recurrence with multiple metastases emerged, with successful resolution upon ICIs retreatment.
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Background

Hepatocellular carcinoma (HCC) presently stands as the sixth most prevalent malignancy and the third leading cause of cancer-related mortality, presenting a profound threat to patients’ well-being and longevity (1). Recurring readily even following curative intervention, approximately 70% of patients encounter recurrence within 5 years (2). Early recurrence manifests within 2 years post-curative treatment, contributing to about 70% of HCC recurrences within this 5-year period, significantly impacting patients’ survival rates (3). At present, there exists no established efficacious approach to forestall early HCC recurrence subsequent to curative treatment.

Immune checkpoint inhibitors (ICIs) have profoundly transformed the landscape of cancer therapy, elevating survival prospects for individuals contending with advanced cancer. Several clinical trials and empirical evidence have underscored the extension of survival among patients with inoperable liver cancer due to ICIs (4, 5). More recently, the less ability of single-agent ICIs to improve overall survival (OS) in phase III clinical trials has led to the development of combination approaches, such as anti-programmed cell death-1 (PD-1)/anti-programmed cell death ligand 1 (PD-L1) plus anti-vascular endothelial growth factor (VEGF), or tyrosine kinase inhibitors (TKIs), or anti-cytotoxic T-lymphocyte associated antigen-4 (CTLA-4) (6). IMbrave 150 demonstrated that atezolizumab plus bevacizumab led to significantly improved OS compared with sorafenib in patients with unresectable HCC (7). With the increasing utilization of ICIs in advanced HCC, an escalating number of patients are encountering challenges related to drug discontinuation, recurrence, and subsequent treatment. Limited studies have addressed the retreatment with ICIs in patients with solid tumors (8).

In this instance, we present a case of HCC managed with radiofrequency ablation (RFA) despite a substantial tumor size and a heightened vulnerability to early recurrence. Following RFA, the patient underwent ICIs therapy as a preventive measure against recurrence. Regrettably, the patient encountered early recurrence subsequent to the discontinuation of ICIs, resulting in diffuse liver recurrence and multiple metastases in the lungs and adrenal glands. Notwithstanding the patient’s prior ICIs treatment history, the response to retreatment with atezolizumab combined with bevacizumab was notably favorable.





Case presentation

On May 26, 2020, a 70-year-old man presented at our facility, reporting a six-month history of discomfort in the right upper abdomen. With a four-decade record of alcohol misuse equivalent to 140 g/day of ethanol, the patient also disclosed a history of hypertension and smoking but no indications of diabetes, chronic viral hepatitis, autoimmune conditions, or blood transfusion. Enhanced magnetic resonance imaging (MRI) unveiled a 6.5×3.0 cm tumor in the right hepatic lobe (Figure 1A). Abdominal and pulmonary computerized tomography imagings showed no metastasis lesions (Figure 2A). Assessments for hepatitis viruses, autoimmune liver conditions, and metabolic liver disorders such as hepatolenticular degeneration and hemochromatosis yielded negative results. The alpha-fetoprotein (AFP) level stood at 170.30 ng/mL, and liver function tests proved nearly normal (Supplementary Table S1). Subsequent diagnosis included primary HCC (Barcelona Clinic Liver Cancer B, Eastern Cooperative Oncology Group Performance Score 0), alcoholic cirrhosis (Child-Pugh grade A), and hypertension. The patient underwent transarterial chemoembolization (TACE) and RFA a month later. Liver pathology findings suggested moderately differentiated HCC. After RFA, the patient’s abdominal discomfort disappeared.
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Figure 1 | Enhanced liver imagings at different time points. (A) The T2-phase, arterial phase, portal vein phase, and coronal image of the enhanced liver magnetic resonance imaging on May 26, 2020. It revealed a mass in the right hepatic lobe (red arrows); (B-E) The arterial phase, portal vein phase, equilibrium phase and coronal image of the enhanced liver computed tomography images; (B) No signs of tumor on October 21, 2021; (C) Diffuse recurrence in the liver on May 7, 2022; (D) After two cycles of retreatment of immunotherapy on July 21, 2022. Significant reduction of liver lesions; (E) CT indicated no enhancing tumor lesions in the liver on September 15, 2023.

Due to the patient’s heightened susceptibility to early HCC recurrence, immunotherapy with ICIs was initiated on August 25, 2020, administered once every 3 weeks for a total duration of 6 months. After two cycles of immunotherapy, the patient developed a nonspecific maculopapular rash and exhibited positive urine protein. Addressing these concerns, topical hormonal medications and oral antihistamines were prescribed, leading to the amelioration of the rash without exacerbating the urine protein status. The patient received Dulvalizumab, and it remains unclear whether bevacizumab was included as part of a clinical trial, the results of which are not publicly available. The last session of immunotherapy took place on January 19, 2021, with contrast-enhanced computed tomography (CT) scans conducted every 3 months throughout the treatment period, revealing no signs of HCC recurrence. Following cessation of ICIs, the rash subsided, and subsequent urine protein tests returned negative. By October 21, 2021, contrast-enhanced CT scans exhibited no evidence of HCC recurrence and no metastasis lesions (Figures 1B, 2B).

On February 25, 2022, the patient got right upper abdominal discomfort again and intensive MRI revealed the reappearance of HCC along with adrenal metastasis; however, the patient declined further intervention. Subsequently, on May 7, 2022, he was hospitalized due to HCC recurrence accompanied by pulmonary and adrenal metastases (Figures 1C, 2C). Evaluation of liver function exhibited mild elevations in alkaline phosphatase (ALP), gamma-glutamyltransferase (GGT), and lactate dehydrogenase (LDH) levels (Supplementary Table S1). With an AFP level surpassing the detection limit of 1,210 ng/mL, the patient underwent TACE. Moreover, on June 2, 2022, the patient commenced a renewed course of immunotherapy (atezolizumab 1200 mg combined with 900 mg of bevacizumab once every 3 weeks). Following two cycles of immunotherapy, he progressively developed post-exertional wheezing, and chest CT revealed the presence of interstitial pneumonia (Figure 2D), leading to a grade 2 immune pneumonia diagnosis. Consequently, immunotherapy was discontinued. Concurrently, contrast-enhanced CT illustrated a noteworthy reduction in the intrahepatic, pulmonary, and adrenal lesions (Figures 1D, 2D). By August 19, 2022, the patient’s wheezing disappeared and a repeat chest CT at an alternative medical facility demonstrated improvements in inflammation, warranting the resumption of immunotherapy. Notably, the AFP, LDH, ALP, and GGT levels normalized (Figure 3). Subsequent to a further contrast-enhanced CT on September 15, 2023, no enhancing tumor lesions in the liver, no pulmonary lesions, and significantly decreased adrenal lesions were observed (Figures 1E, 2E). Currently, the abdominal discomfort has significantly relieved. The patient’s course is shown in Figure 4.
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Figure 2 | Abdominal and pulmonary computerized tomography imagings at different time points. (A) Base line on May 26, 2020; (B) No pulmonary and adrenal metastasis on October 21, 2021; (C) Pulmonary and adrenal metastasis on May 7, 2022 (red and yellow arrows); (D) Interstitial pneumoni on July 21, 2022; (E) No pulmonary lesions and significantly reduced adrenal lesions on September 15, 2023 (yellow arrows).

[image: Three line graphs depict changes in biomarker levels over cycles of retreatment. The first graph shows AFP levels in nanograms per milliliter, dropping sharply from 8000 to near zero. The second graph illustrates LDH levels in units per liter, decreasing from 800 to under 200. The third graph compares ALP and GGT levels, both decreasing initially from about 200 before leveling off below 50. Each graph indicates measurement across up to 15 cycles of retreatment.]
Figure 3 | Changes of clinical indicators. AFP, alpha-fetoprotein; LDH, lactate dehydrogenase; ALP, alkaline phosphatase; GGT, gamma-glutamyltransferase.

[image: Timeline depicting the treatment and disease progression of hepatocellular carcinoma (HCC) from May 2020 to September 2023. It includes key milestones: diagnosis, HCC recurrence with metastases, and treatment interventions such as TACE, RFA, immunotherapy, and Atezolizumab combined with Bevacizumab. The timeline notes treatment discontinuation and the final outcome showing no enhancing tumor lesions and reduced adrenal lesions by September 2023.]
Figure 4 | The timeline with therapy and disease status. HCC, hepatocellular carcinoma; TACE, transarterial chemoembolization; RFA, radiofrequency ablation.





Discussion

The postoperative resurgence of HCC is believed to be associated with the intrinsic biological attributes of the HCC, including tumor size, capsule integrity, differentiation level, and the presence of vascular invasion (9, 10). Early recurring nodules demonstrate heightened malignancy, increased metastatic potential, greater likelihood of relapse, and consequently, a less favorable prognosis compared to instances of late recurrence (recurrence occurring >2 years following curative treatment of HCC) (11). Tumor size stands out as a pivotal factor influencing early recurrence, with patients harboring tumors >3.5 cm in diameter facing a heightened risk of postoperative resurgence (12). In the case of this patient, the tumor was large (diameter surpassed 5 cm) and relatively poorly differentiated, thus placing him at a heightened risk for early recurrence following RFA.

There is currently no established standard treatment for mitigating the risk of recurrence subsequent to curative treatment for HCC. The efficacy of adjuvant therapy in reducing HCC recurrence after curative treatment, especially early recurrence, remains a topic of debate. Such therapies encompass a range of interventions including chemotherapy, radiotherapy, TACE, molecular targeted therapy, immunotherapy, vitamin K2 analogs, retinoids, and antiviral therapy (13, 14).

At present, ICIs stand as the primary immunotherapeutic choice effective across a broad spectrum of cancers, particularly those resistant to chemotherapy (15, 16). These immune checkpoints entail co-inhibitory receptors on T cells alongside their ligands on tumor and stromal cells within the tumor microenvironment (17). ICIs function by averting T-cell inactivation through the blockade of interactions between checkpoint proteins and their ligands, thereby eliciting anti-tumor effects (18). Key immune checkpoints of interest include programmed cell death-1 (PD-1), programmed cell death ligand 1 (PD-L1), and cytotoxic T-lymphocyte associated antigen-4 (CTLA-4). In the context of unresectable HCC, single-agent anti-PD-1 demonstrates an efficacy of approximately 20%, while combination therapy exhibits even higher efficacy. ICIs, whether administered individually or in combination, now represent the cornerstone of systemic therapy for patients with advanced HCC (19, 20). Nevertheless, the safety of ICIs in early- and mid-stage HCC, along with their efficacy in preventing HCC recurrence, requires validation through extensive clinical trials and further investigations.

Greten et al. documented the activation of tumor-specific T and dendritic cells subsequent to RFA treatment in animal models (21). Consequently, local treatment holds the potential to ameliorate T-cell immunosuppression. In an HCC animal model, Hepa1-6 mice subjected to microwave ablation and anti-PD-1/anti-CTLA-4 demonstrated heightened intratumoral infiltration of Th1 cells, prolonged survival, and impeded tumor recurrence (22). These investigations offer a theoretical foundation for the amalgamation of local treatment with immunotherapy among HCC patients. The ongoing IMbrave 050 study explores the implementation of ICIs following curative treatment to forestall HCC recurrence (23).

As our patient faced a heightened risk of early HCC recurrence following RFA, he was enrolled in a clinical investigation involving ICIs aimed at averting tumor reappearance. Throughout the trial period, the patient encountered cutaneous and renal adverse events, which resolved upon completion of the trial, indicative of the patient’s receipt of ICIs during the study. Undergoing six cycles of ICIs treatment, the patient underwent monitoring via contrast-enhanced CT or MRI every 3 months post-treatment cessation. Subsequently, the patient experienced intrahepatic recurrence and extrahepatic metastases 1 year after discontinuation of ICIs treatment and 1.5 years post-RFA. Early recurrent HCC nodules frequently exhibit multinodular, diffuse patterns, predominantly involving the liver and often proving nonamenable to surgical interventions (24). Our patient conforms to this profile, presenting with diffuse liver recurrence alongside extensive extrahepatic metastases.

Following a 6-month course of ICIs after RFA, our patient encountered early recurrence 1.5 years after the procedure. The recurrence pattern subsequent to curative HCC treatment is bimodal, with the initial peak typically arising about 1 year post-resection, followed by a second peak at 4–5 years post-resection (2). Despite the preventive administration of ICIs, early recurrence manifested in our patients, prompting further investigation into whether this is attributable to the relatively brief prophylactic period of ICIs application, at least up to 1 year following RFA. The ability of ICIs to engage T lymphocytes endures for a minimum of 20 weeks following cessation of ICIs therapy (25). Furthermore, administering ICIs at low doses subsequent to liver transplantation may serve as a preventive measure against HCC recurrence (26). Additional clinical studies are warranted to discern whether prolonging dosing intervals or reducing ICIs doses could forestall HCC recurrence in high-risk patients.

Several publications have highlighted the treatment of recurrent HCC using ICIs. For some patients with tumors, retreatment with ICIs has proven beneficial. In a phase I/II clinical investigation, 160 patients (including those with various solid tumors) who had discontinued dulvalizumab treatment without disease progression for 1 year were subsequently reintroduced to dulvalizumab upon disease progression. Among the 70 patients who received retreatment, 11.4% exhibited a partial response, 60% maintained stable disease, 22.9% experienced disease progression, and none achieved a complete response (8). Given HCC’s vascular-rich nature, it possesses a unique neovascular architecture that often impedes the accessibility of antitumor medications and immune cells to the tumor site (27). In comparison to late recurrent HCC, early recurrent HCC tends to develop large vessels and possess enhanced microvascular infiltration capability (28). Anti-vascular endothelial growth factor (anti-VEGF) agents have the capacity to normalize tumor blood vessels (29). VEGF triggers the development of myeloid-derived suppressor cells, regulatory T cells, and tumor-associated macrophages, thus contributing to the creation of an immunosuppressive tumor microenvironment (30). Consequently, anti-VEGF agents, by ameliorating the immunosuppressive microenvironment, optimize the efficacy of ICIs treatment, potentially surmounting resistance to ICIs. The IMbrave150 study also demonstrated that the combination of the anti-VEGF agent bevacizumab with the anti-PD-L1 antibody atezolizumab notably enhanced survival among patients with advanced HCC, proving to be significantly superior to sorafenib (7). Hence, despite the patient’s prior history of ICIs treatment, we opted for atezolizumab in conjunction with bevacizumab. Post two cycles of this regimen, the patient’s AFP levels declined rapidly to normal, and a repeated contrast-enhanced CT scan revealed a marked reduction in both intrahepatic and extrahepatic lesions. Following ten cycles of immunotherapy, a contrast-enhanced CT scan indicated an absence of enhancing tumor lesions in the liver, as well as no pulmonary lesions, alongside a significant reduction in adrenal lesions. Subsequent retreatment with ICIs resulted in swift remission for the patient.





Conclusion

This case indicates that ICIs might postpone the early recurrence of HCC, but an extended duration of ICIs treatment might be necessary to forestall recurrence. Furthermore, for patients with recurrent HCC and a previous history of ICIs therapy, retreatment with ICIs remains a viable option and can still provide benefits.
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Hepatocellular carcinoma (HCC) is a significant contributor to cancer-related deaths in the world. The development and progression of HCC are closely correlated with the abnormal regulation of non-coding RNAs (ncRNAs), such as microRNAs (miRNAs), long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs). Important biological pathways in cancer biology, such as cell proliferation, death, and metastasis, are impacted by these ncRNAs, which modulate gene expression. The abnormal expression of non-coding RNAs in HCC raises the possibility that they could be applied as new biomarkers for diagnosis, prognosis, and treatment targets. Furthermore, by controlling the expression of cancer-related genes, miRNAs can function as either tumor suppressors or oncogenes. On the other hand, lncRNAs play a role in the advancement of cancer by interacting with other molecules within the cell, which, in turn, affects processes such as chromatin remodeling, transcription, and post-transcriptional processes. The importance of ncRNA-driven regulatory systems in HCC is being highlighted by current research, which sheds light on tumor behavior and therapy response. This research highlights the great potential of ncRNAs to improve patient outcomes in this difficult disease landscape by augmenting the present methods of HCC care through the use of precision medicine approaches.




Keywords: hepatocellular carcinoma, miRNA sponge, diagnosis and prognosis, therapy resistance, epigenetic factors




1 Introduction



1.1 Background of hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is now the second deadliest malignancy worldwide, with an estimated 782,500 new cases and 745,500 deaths in 2012 (1, 2). Patients with early-stage HCC may have a better chance of survival after undergoing procedures such as surgical resection, liver transplantation, local ablation, and other curative treatments (3). Even in patients who have undergone potentially curative treatment for HCC, the 5-year recurrence rate may reach 80%–90%. However, there is a rather high recurrence rate (4). The disease had advanced considerably by the time the majority of patients were identified with HCC (5). The drugs sorafenib and regorafenib, which are small-molecule targeted therapies, have been approved by the United States Food and Drug Administration (FDA) as the standard treatments for the advanced stage of the illness. Although sorafenib is currently the sole conventional first-line systemic therapy option for advanced HCC, the observed median survival duration is only 3 months. If patients with HCC were showing improvement during treatment with sorafenib, regorafenib would be used as a second-line medication. Nevertheless, based on a phase 3 clinical research report, the median survival rate remained at a mere 10.6 months. Although sorafenib and regorafenib have the ability to improve the overall survival of patients with HCC, their length is not excessive. The negative consequences of these drugs and the rise of drug resistance are further sources of increasing anxiety. This highlights the critical importance of seeking out new medicines, with a focus on developing more reliable markers for HCC early diagnosis, treatment, and prognosis. Moreover, hepatitis has been considered as a factor in HCC (6, 7), and therefore, the factors in hepatitis should be understood (8, 9).




1.2 Signaling networks in hepatocellular carcinoma

The creation of HCC is caused by the disruption of several signaling pathways, both within and outside the cells (10). Initially, there is a disruption of an intricate network of interconnected pathways that regulate the balance between cell growth and cell death. Cells have the potential to acquire angiogenic, invasive, and metastatic characteristics at the advanced phases of the disease. This is achieved by a process that entails the interactions between neoplastic cells and their surrounding environment. In individuals with HCC, genetic or epigenetic alterations in some elements of the transforming growth factor (TGF)-β pathways, wingless-type (WNT), rat sarcoma virus oncogene (RAS), p53, and retinoblastoma (RB) are frequently observed. These alterations are accountable for the emergence of cancer traits. The activation of the cell membrane receptor tyrosine kinase is caused by several growth factors, the role of which has been demonstrated in chronic liver diseases and the development of HCC (11). Focal growth factor (FGF), hepatocyte growth factor (HGF), platelet-derived growth factor (PDGF), transforming growth factor-beta (TGF-α), epidermal growth factor (EGF), and vascular endothelial growth factor (VEGF) are the molecules that activate these pathways. In the end, these substances boost cell survival and proliferation by attaching to specific receptors on cell surfaces. Angiogenesis, invasion, and metastasis are all processes that they initiate. The met proto-onco-gene (MET), also known as the HGF receptor, was overexpressed in 40%–70% of HCCs (12–15). Moreover, it has been discovered that there is an excessive amount of VEGF present, as evidenced by studies (16, 17), and this has been linked to the development of an advanced cancer phenotype (18–22). There was a correlation between angiogenic and invasive phenotypes and FGF overexpression (23–25). It was discovered that this was true when combined with VEFG. According to some research, overexpression of PDGF and its receptor may contribute to the development of HCC (26, 27). Regarding downstream effectors, it has been established that HCC is marked by RAS overexpression (28), while activating point mutations have only been found extremely infrequently (29, 30).

The Wnt/β-catenin pathway is one of the additional signaling pathways usually involved in hepatocarcinogenesis (31). The stability of β-catenin, which allows its translocation to the nucleus, is the outcome of its activation. It binds to TCF/LEF transcription factors, which are particular to T cells, at that spot. Metalloproteases, cyclin D1, VEFG, c-myc, and c-met are only a few of the numerous target genes that these transcription factors activate. Several mechanisms have been identified as responsible for the aberrant activation of the Wnt-β-catenin pathway in HCC. Approximately 12%–26% of HCC exhibit mutations at the N-terminus of β-catenin that result in increased functionality. Additionally, HCCs may also experience deletions, mutations, or epigenetic changes in the E-cadherin gene. Furthermore, approximately 8%–13% of HCCs are characterized by mutations that lead to a loss of function in the AXIN1 or AXIN2 genes (32, 33). This stability of β-catenin could be explained by the fact that growth hormones phosphorylate and then deactivate GSK-3β, in conjunction with these alterations. Some examples of growth factors are insulin, insulin-like growth factor (IGF)-1, FGF-2, EGF, PDGF, HGF, TGF-β, and tumor necrosis factor (TNF)-α. Another possible reason for the stability of β-catenin could be the use of the Erk-priming mechanism or the activity of the HBV-X protein to promote GSK-3Ω inhibition (34). Recent investigations have revealed that hepatic adenomas are characterized by mutations in the β-catenin gene. These modifications are associated with an increased likelihood of developing cancerous changes (35).

There are a number of downstream effectors that are abnormal in cancer, in addition to the primary consequences of signal transduction pathways, which include cell proliferation and survival. For instance, there has been a lot of study on Rb1, cyclins, CDK inhibitors, cyclin-dependent kinases (CDKs), and their coordination in regulating the cell cycle in HCC. A loss of chromosome 13, found in approximately 30% of HCCs, is one possible mechanism by which the RB1 gene is rendered inactive in these tumors (36, 37), or epigenetic processes (38). Point mutations are very rare. The RB1 protein may be rendered inactive due to an aberrant synthesis of Gankirin, a protein that can bind to RB1, enhance RB1 phosphorylation, and ultimately lead to its proteosome complex fragmentation. It was found that Gankirin was upregulated in all HCC examples (39). In addition, compared to the parenchyma around the tumor, HCC tissue often had reduced levels of cell cycle negative regulators, whereas cyclins were upregulated among the components that control the cell cycle (31). Approximately 60% of HCC exhibit an elevated level of cyclin D1/CDK4 (40). Among the CDK inhibitors, p16/lNIK4A, which targets CDK4 and CDK6 specifically and inactivates CDK4/cyclin D1 complexes (41), is functionally inactivated in a significant portion of HCCs. This is because deletions at the short arm of chromosome 9 occur in approximately 20% of HCCs (32, 36, 37) and methylation of the p16/INK4A promoter occurs in 30% to 70% of cases (42, 43). The CDK inhibitors of the CDK interacting protein (KIP) family, more especially CDKN1B/p27 and CDKN1C/p57, are two more proteins that play a role in HCC tumor suppression and direct cell cycle regulation. Research has demonstrated that compared to the surrounding cirrhosis, HCC tissue exhibits reduced expression levels of CDKN1B/p27 and CDKN1C/p57 (44). Twenty to fifty percent of HCCs show a lack of maternal allele methylation at the KvDMRI imprinted locus at eleven p15.5, where the CDKN1C/p57 gene is located. This has been previously confirmed by us and other researchers. Reductions in CDKN1C/p57 expression have been associated with this mechanism (45–48). The overexpression of miR-221/222, which is found in approximately 70% of HCCs, is one of the main processes that lead to the downregulation of p27 and p57 molecules, as will be shown in the next paragraphs (49–51). Conversely, a high p27 expression level is not always associated with a low cell proliferation rate in head and neck malignancies. Evidence suggests that sequestration into complexes containing cyclinD1 and CDK4 renders p27 inactive in such contexts (52). The current review focuses on understanding the epigenetic modifications in HCC, specifically in relation to non-coding RNAs (ncRNAs), in order to gain insight into the dysregulation of molecular pathways and signaling networks.





2 miRNAs in hepatocellular carcinoma



2.1 miRNA biogenesis and interaction with molecular pathways

In the process of maturation and decay of RNA molecules, the enzymatic degradation of double-stranded RNA is critical (53). MicroRNAs (miRNAs) are small RNA molecules with one strand that are synthesized naturally by living things. They include approximately 22 nucleotides (54). The miRBase database, accessible at http://www.mirbase.org, now contains 1,492 registered human miRNA sequences. miRNAs, despite lacking coding sequences, have been demonstrated to have a role in the post-transcriptional control of genes that are crucial for fundamental cellular processes and diseases (55). The miRNA gene is typically translated by RNA polymerase II in the nucleus, leading to the formation of a primary transcript called pri-miRNA. This transcript is often between one and four kilobases long (56). Monocistronic transcripts refer to transcripts that contain only a single miRNA gene located downstream of a promoter. On the other hand, the miR-17-92 miRNA polycistron serves as an illustration of a polycistronic transcript, which originates from a single transcript that groups together many miRNA gene products (57). Approximately 50% of miRNA genes, specifically intragenic or mirtrons, are believed to be regulated by the host gene. Intergenic areas are potential sites for them, indicating that they are probably distinct transcriptional units (58). The percentage that changes depends noticeably on where the miRNA genes are located in the genome. The protein DiGeorge syndrome critical region gene 8 (DGCR8) and enzyme nuclease Drosha then come together to form the microprocessor complex. This complex is responsible for converting pri-miRNA, or primary miRNA, into pre-miRNA, or precursor miRNA. It is Exportin-5’s job to deliver the approximately 70-nucleotide pre-miRNA to the cytoplasm. When the miRNA–miRNA duplex reaches its target, another nuclease called Dicer breaks it down into smaller pieces of approximately 18–25 nucleotides (59). Figure 1 is an overview of epigenetic dysregulation in human cancer.
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Figure 1 | An overview of epigenetic dysregulation in cancer.

miRNAs demonstrate interaction with various molecular factors in cancer. The miRNAs can dually increase or decrease tumorigenesis, highlighting their function as a double-edged sword. miR-429 impairs the progression of endometrial tumor, and through regulation of DDX53, it enhances drug sensitivity (60). miR-21 and miR-125b are considered as biomarkers in ovarian cancer with overexpression. Moreover, downregulation of miR-125b causes platinum resistance in ovarian cancer (61). miR-1299 is another factor inhibiting cervical tumor. miR-1299 has low expression in cervical cancer, and it is suppressed by KCNQ1OT1 (62). In thyroid cancer, miR-1284 stimulates apoptosis, while it reduces growth and metastasis of tumor cells through E-cadherin upregulation and downregulation of N-cadherin (63). More importantly, miRNAs can develop feedback loop with their targets such as the loop between PAX5 and miR-142 in breast tumor to modulate expression levels of DNMT1 and ZEB1 (64). The plasma levels of miR-1290 and miR-29c-3p in lung cancer are biomarkers (65). Moreover, miR-629 downregulates LATS2 to enhance the growth of prostate tumor (66). The expression of miRNAs can also be regulated by exosomes in human cancers, since the exosomes are able to transfer miRNAs (67). The downregulation of FXYD5 by miR-1180 can suppress the migration and metastasis of pancreatic tumor (68).

It is common practice to remove the miRNA passenger strand before loading a mature miRNA guide strand into the RNA-induced silencing complex (RISC). The extent to which this complex regulates a gene depends on how well the miRNA and its target mRNA sequence complement one another in the 3′-untranslated region (3′-UTR). For RISC to cleave and remove mRNA, the mRNA and RISC must be highly complementary. Conversely, if the complementarity is not ideal, it will hinder the translation process (69). Lower levels of messenger RNA (mRNA) were demonstrated to precede a decrease in protein levels in 84% of the cases (70). Functional mRNA target sites typically consist of six or seven nucleotides and exhibit complementarity to miRNA sequences. The sequence is succeeded by an adenosine, which is commonly known as the “seed” sequence of the miRNA. miRNAs that are targeted for destruction are eliminated in cytoplasmic processing bodies, sometimes referred to as P-bodies, which are situated in the cytoplasm (71). The discovery of additional ncRNAs in the last several years deserves note. Possible functions for these RNAs include regulation of gene expression or association with hepatocellular cancer. The conversion of the short nucleolar RNA (snoRNA) ACA45 into RNAs that bind to Argonaute proteins (Ago) and are 20 to 25 nucleotides long by Dicer provides support for the research conducted by Ender et al. Furthermore, luciferase reporter tests provided evidence that ACA45 displayed miRNA-like functionality (72). Yang and colleagues uncovered a long non-coding RNA (lncRNA) known as High Expression in Hepatocellular Carcinoma (lncRNA-HEIH). The expression of this lncRNA is favorably linked to the recurrence of tumors and negatively correlated with survival. Additionally, its expression is changed in HCC. In addition, they demonstrated that the use of shRNA to downregulate lncRNA-HEIH can greatly reduce tumor growth in a mouse model obtained from xenografts (73). Figure 2 is an overview of miRNA biogenesis along with its function in cancer.
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Figure 2 | miRNA biogenesis and its function.

The low 5-year survival rate can be linked to two primary factors: a high rate of recurrence and resistance to treatment. The mortality rate is below 10%. Surgical resection is the most effective treatment for HCC; nevertheless, only a small proportion of patients, namely, 10%, are suitable candidates for this therapy at the time of their initial diagnosis. Conversely, the likelihood of survival after removal is approximately 70% if the tumor is solitary and smaller than 2 cm in size. Therefore, obtaining an early diagnosis is imperative in order to improve the prognosis. While AFP (>400 ng/mL) is commonly utilized as a biomarker for breast cancer, its sensitivity and accuracy are very moderate, and it fails to detect HCC in 50% of patients. Also known as prothrombin induced by vitamin K absence-II (PIVKA-II), another marker is referred to as des-γ-carboxy prothrombin (DCP). The aberrant and functionally inactive form of prothrombin is clearly recognizable due to its lack of N-terminal carboxylation prior to release (74, 75). The carboxylase, which typically performs this function, is frequently missing in HCC cells. By combining these biomarkers with AFP and AFP-L3, it is possible to provide a more accurate prediction of the course of HCC in individuals with chronic HBV or HCV. This is particularly useful for assessing portal vein invasion and intrahepatic metastases (75, 76). However, it is important to note that DCP elevation might be caused by other reasons, and a normal DCP level does not always exclude the presence of HCC. Therefore, it is imperative to possess supplementary biomarkers, namely, those associated with first changes, in order to improve the prognosis.

Dysregulation of miRNAs plays a prominent role during hepatocarcinogenesis. miRNA profiles can differentiate between the general population and patients with HCC, as well as other liver illnesses (54, 77). There is a clear difference in miRNA profiles between normal and cancerous tissues, and these differences may even vary by subtype of cancer (78). The presence of miRNAs in liver tumor tissue, serum, plasma, and urine raises the prospect of a less invasive way to track the treatment’s efficacy and predict the prognosis. Several studies have found a connection between miRNAs and HNS cancer. Higher levels of miR-17-92, miR-21, miR-221, miR-222, and miR-224 are frequently observed in HCC tumors (54, 79). In contrast, miR-199a and miR-199b are often downregulated together with let-7, miR-200, miR-29, miR-122, miR-123, and miR-199b (54, 78, 80). Despite miR-122 being downregulated in initial HCC tumors, it is upregulated in the serum of patients with HCC (81). The secretion of miR-122 into the bloodstream from tumors could be the reason behind this. However, miR-199 is highly expressed in healthy liver tissue, despite its downregulation in HCC (82). The downregulation of miR-199a/b is linked to poor survival rates. This is due to the fact that miR-199a/b-3p reduces HCC by blocking the pathways that involve p21-activated kinase 4 (PAK4), Raf, MEK, and ERL. As in the previous instance, miR-99a downregulation is linked to a bad prognosis (83). In contrast, miR-224 is upregulated in HCC (84), and newer research shows that it reflects tumor stage and liver function; greater levels are associated with a worse prognosis (85). Regional variations in the etiology of HCC may impede the creation of effective biomarker panels. Changes in miRNA expression that are linked to the cause can further hinder these efforts. A recent study utilized miRNA expression profiling of liver tissue to identify dysregulated miRNAs that are linked to HBV or HCV-HCC (86). Out of 40 miRNAs, 12 showed dramatically dysregulated expression. All six of these were confirmed in tissue samples; however, plasma levels of miR-126 and miR-142-3p were shown to be elevated in patients with HBV with HCC compared to those without HCC. Both miRNAs improved the area under the curve (AUC) to 0.92 when added to AFP, but neither of them was more effective than AFP alone. Patients with HCV-related HCC and non-viral HCC did not differ in miR-126 levels. This discovery raises the possibility that miRNA biomarkers’ predictive effectiveness can be affected by changes in the underlying causes of HCC. The prevalence of HBV-related HCC is higher in Asia and other regions with a large HBV population, but the reverse is true in Japan. Despite the fact that vaccines are decreasing the frequency of HBV, non-alcoholic steatohepatitis and other non-viral causes of HCC are increasing (87). Thus, it is necessary to assess biomarkers that have been developed and confirmed in one area in other places that have different underlying causes.




2.2 Expression of miRNAs and function in HCC development

A considerable number of investigations have revealed that miRNAs can affect basic cellular functions including differentiation, proliferation, death, invasion, and metastasis (88, 89). Tumors may exhibit distinct miRNA expression patterns compared to normal tissues. These profiles also vary based on the type of tumor that is present. It is noteworthy because miRNA directly targets protein-coding genes related to the cell cycle, death, and metastasis in HCC (90). A recent microarray study has demonstrated that a specific subset of miRNAs undergoes both upregulation and downregulation throughout the progression of HCC. miRNAs are frequently shown to be reduced in their expression in HCC. The downregulated miRNAs may target oncogenes, indicating their possible role in promoting cancer. In contrast, certain miRNAs that are elevated play a role in the progression of cancer in HCC and may be targeted by genes that inhibit tumor growth.

A variety of chronic liver illnesses have been associated with miRNAs, such as alcoholic liver disease, viral hepatitis, non-alcoholic steatohepatitis (NASH) (91–93), and alcoholic liver disease (94–96). On top of that, miRNAs are involved in the onset of HCC and these other chronic diseases. The accumulation of ethanol-induced hepatocyte fat occurs during alcoholic liver disease because miR-217 suppresses the expression of SIRT1 (97). In alcohol-induced HCC, the expression of the miRNAs miR-126, miR-27b, miR-182, miR-183, miR-199, miR-200a, miR-214, and miR-322 was reduced (79, 96). Patients with alcoholic steatohepatitis had a decrease in miR-27 due to epigenetic changes brought about by alcohol usage (98). The risk of HCC is increased in both the onset and progression of non-alcoholic fatty liver disease (NASH), and miRNA is involved in both stages. Recent research has linked miRNAs to the activation of hepatic stellate cells (HSCs), which, in turn, contribute to the advancement of non-alcoholic fatty liver disease (NASH) (99). An increase in the expression of miRNA-33a and sterol regulatory element-binding protein-2 (SREBP2) resulted in the accumulation of unbound cholesterol. This was achieved by activating HSC and interfering with the SREBP2-mediated cholesterol-feedback pathway in HSC, while also inhibiting the signaling of peroxisome proliferator-activated receptor-γ (99). Overexpression of miRNA-21 causes a decrease in expression of tumor suppressor phosphatase and tensin homolog (PTEN) in hepatocytes when unsaturated fatty acids are present (91). The miRNA miR-155 has the ability to decrease the expression of another tumor suppressor gene known as CCAAT-enhancer-binding protein-β. In addition, mice fed a diet low in amino acids including choline had elevated levels (92, 93).

Hepatitis B virus (HBV) and hepatitis C virus (HCV) infections are the leading causes of cirrhosis and HCC (100). Cirrhosis of the liver is linked to a gradual risk of developing liver cancer, known as hepatocarcinogenesis, which ranges from 5% to 30% within a 5-year time frame (100). The experimental model revealed that just two specific miRNAs, miR-210 and miR-199-3p, had a discernible impact on the expression and replication of the HBV gene in individuals with HBV infection. The life cycle of HBV is indirectly controlled by several cellular miRNAs, which impact cellular proteins related to the virus (101). Ura and collaborators studied the expression of 188 miRNA in HCC and the adjacent normal tissues obtained from 12 patients with HBV infection and 14 patients with HCV infection. The expression of six miRNAs was shown to be downregulated in patients with HBV, while the expression of 13 miRNAs was observed to be downregulated in patients with HCV (102). These findings suggest that the miRNA profiles of HBV and HCV infections differ significantly in terms of pattern. The presence of miR-96 or miR-26 is dramatically increased in tissues linked to HBV-related colon cancer, according to multiple studies. Using sequencing techniques, Takizawa and colleagues were able to uncover whole miRNA profiles from 314,000 trustworthy reads collected from HCC tissue and over 268,000 credible reads obtained from the nearby normal liver. These miRNA profiles were constructed using tissues from both HCCs and adjacent normal livers. A study conducted using bioinformatics discovered that HCC was associated with changes in miRNAs such miR-122, miR-21, and miR-34a (103). Given this information, further investigation into the specific miRNA associated with HBV-related HCC could lead to the creation of a viable therapeutic tool for patients with HCC who have HBV infection. Furthermore, miR-196 has a crucial function in HCV-related non-small cell lung cancer by suppressing Bach1, a mammalian transcriptional repressor with a basic leucine zipper structure, and elevating the expression of hemeoxygenase 1, a transcriptional regulator. Furthermore, Diaz and co-workers found that among a total of 2,226 human miRNA, a specific subset of 18 miRNA exhibited expression only in HCV-related HCC (104). One of these 18 miRNAs has been recognized as being the cause of HCC and is correlated with networks that involve retinoic acid, p53, and PTEN (101, 105). The provided findings declare that miRNA pathways have a noticeable influence on the development of HCC during HCV infection.

The miRNAs have shown significant interaction with other molecular pathways in HCC. miR-21-5p has been shown to induce sorafenib resistance in HCC, and through SIRT7 inhibition, it increases USP24 expression to accelerate tumorigenesis (106). The regulation of lipid synthesis and uptake by the miR-3180 can suppress the progression of HCC (107). The enrichment of miRNAs in the exosomes can affect HCC. Exosomal miR-200b-3p has been shown to suppress ZEB1 in increasing M2 polarization of macrophages and stimulation of the JAK/STAT axis (108). On the other hand, miR-424-3p has been shown to enhance the invasion and migration of HCC through reducing the activation of SRF on STAT1/2 (109). miR-17-5p downregulates TGFβR2 to impair the progression of HCC (110). miR-4270 suppresses DNMT3A-induced methylation of the HGFAC promoter to disrupt the progression of HCC (111). The increase in the levels of caspase-3 and caspase-9 is vital for reduction in the viability of tumor cells. miR-767-3p can downregulate caspase-3/-9 to enhance tumorigenesis in HCC (112).




2.3 Circulating miRNAs in HCC development and diagnosis

miRNAs can enter the bloodstream through two distinct mechanisms: passive diffusion, which does not require energy, or active transport, which is selective and occurs in response to certain stimulants (113). The initial stage occurs during cellular disruption in pathological conditions, such as tissue damage, and does not necessitate the presence of adenosine triphosphate (ATP). The active secretion of miRNA is contingent upon the presence of ATP and the temperature, regardless of cellular stimulation. This is the main mechanism by which circulating miRNA (cmiR) is generated for circulation. Microvesicles (MVs) and apoptotic bodies are two potential methods of encapsulating cmiR. In addition, cmiR can be identified using multiproteins or lipoprotein-binding miRNA complexes (114, 115). The conveyance of cmiR is aided by both the aforementioned structures. Based on the findings, Ago 2 is responsible for overseeing the process by which miRNA is loaded into exosomes. Most cell types have the ability to release exosomes, which can be obtained from various physiological fluids such as serum and urine. Given the large quantity of miRNA found in exosomes, it is extremely probable that exosomal miRNA might be used as significant markers for the detection of diseases (116). A certain group of plasma miRNAs does not contain exosomes or MVs. These miRNAs are protected and made stable by binding to Ago 2, Nucleophosmin 1, or high-density lipoprotein (117). The aforementioned research demonstrates that cmiR is both stable and readily obtainable, making it a viable biomarker for the identification of illnesses. Moreover, the expression of miRNA in tumor tissues may not necessarily correspond to its expression in the blood. As a result, tumor-derived miRNA was conceived. The expression of these miRNAs was found to be elevated in tumor tissues and the bloodstream, but decreased dramatically in the bloodstream after tumor excision. Thus, cmiR plays a pivotal role in monitoring the onset and recurrence of tumors. Budhu et al. propose that identifying a specific miRNA signature linked to metastasis could aid in the early identification of HCC (118). This indicates that the dysregulation of miRNA may have diagnostic value. Furthermore, several studies have shown that miRNA signatures may have additional clinical significance in relation to HCC (119, 120). A number of clinical studies have shown that miRNAs are biomarkers for patients during chemotherapy (NCT03779022) and circulating miRNAs can be utilized for the development of diagnostic factors in brain cancer (NCT03630861). The miRNAs are enriched in serum and plasma of ovarian cancer (NCT06329323). For HCC, miRNAs are also potential diagnostic factors based on clinical studies. The hepatic and circulating miR-221 and miR-222 in HCC have clinical significance (NCT02928627). Moreover, in Somali patients, miRNAs are diagnostic factors in HCC (NCT03227510).




2.4 miRNAs and drug resistance in HCC

At present, the pharmacological therapy for HCC includes targeted treatment, chemotherapy, and immunotherapy. Sorafenib, regorafenib, lenvatinib, and tivantinib are drugs that specifically target molecules at the molecular level. Adriamycin, 5-FU, cisplatin, and oxaliplatin are often prescribed chemotherapy drugs in clinical settings. Immunotherapy is a novel approach for the treatment of HCC. The treatment mostly consists of monoclonal antibodies and immune checkpoint inhibitors that target the cytotoxic T lymphocyte antigen-4 (CTLA-4) receptor, programmed cell death protein 1 (PD-1), and PD-1 ligand (PD-L1). This treatment utilizes immunotherapies such as nivolumab, pembrolizumab, MED14736, ipilimumab, and tremelimumab, among other options. miRNAs are short, single-stranded ncRNAs that consist of 19–24 nucleotides. miRNAs have the ability to attach themselves to the 3′-UTRs of specific mRNAs and inhibit their translation or synthesis. miRNAs are involved in various cellular processes such as differentiation, proliferation, death, angiogenesis, and metabolic stress responses (121–123). In the development and advancement of numerous cancers, including HCC, studies have revealed that dysregulated miRNAs can function as tumor suppressors or oncogenes (124–126). It should be noted that compared to drug-sensitive cells, many drug-resistant HCC cells exhibit drastically different miRNA expression. More tailored HCC treatments may be possible as a result of this finding, which opens the door to the potential use of several miRNAs for medication efficacy prediction (127–130). The expression of immune checkpoint molecules in tumor microenvironments can be controlled by miRNAs (131). However, the precise mechanism by which miRNAs contribute to the development of resistance to immune checkpoint blockers remains incompletely known. In addition, there is emerging research suggesting that other miRNAs may play a role in sorafenib resistance. However, only a limited number of miRNAs have been identified to have a role in developing resistance to other advanced targeted treatments.

Sorafenib, an orally administered multikinase inhibitor, was initially demonstrated to decrease cell growth and blood vessel formation by specifically targeting BRAF, Raf-1, Flt3, VEGFR-2/3, and PDGFR-β. Moreover, it was found that sorafenib possesses the capability to selectively affect signaling pathways that are not reliant on Raf, specifically those involved in regulating apoptosis and cell cycle progression (132–134). Sorafenib, an FDA-approved conventional targeted therapy medication for lung cancer, has demonstrated survival benefits in patients with advanced HCC globally. However, the majority of individuals later developed problems that require treatment resistance. Sorafenib resistance is currently caused by various pathways, such as microenvironmental hypoxia, epithelial–mesenchymal transition (EMT), cellular stem cell activation, resistance to apoptosis, autophagy, cell cycle dysregulation, c-jun and/or AKT activation, and abnormal expression of miRNAs and lncRNAs (130, 135–141). Several cancer-causing miRNAs have the ability to induce resistance to sorafenib (139, 142–145). Sorafenib resistance could be caused by miRNAs such miR-93, miR-216a, and miR-217, which target cell cycle protein-dependent kinase 1A (CDKN1A) and impact apoptosis and TGF-β signaling (143, 144). In addition, miR-181 may target and decrease Ras association domain family member 1 (RASSF1), which could lead to sorafenib resistance (145).

Adriamycin, an antibiotic of the anthracycline class, is a powerful inhibitor of DNA and RNA synthesis in rapidly dividing tumor cells. It is a non-specific periodic medicine. Adriamycin has the capability to permeate into the nucleus of HCC cells, where it can potentially engage with DNA and ultimately induce apoptosis. Multiple mechanisms implicated in the development of adriamycin resistance in HCC have been discovered (146). Oncogenic miRNAs can enhance resistance to adriamycin. There are scientific data indicating that Let-7a has the ability to enhance the resistance of HepG2 cells to the antibiotic adriamycin (147). Furthermore, it has been found that the external production of miR-519d specifically affects numerous tumor suppressor genes, including p21 and PTEN. This ultimately leads to an enhanced resistance of HCC cells to adriamycin (148). In contrast, research has shown that numerous tumor suppressor miRNAs can effectively overcome adriamycin resistance in HCC. For instance, a total of 30 separate HCC tissues exhibited a substantial decrease in the expression of MiR-26a/b compared to normal tissues. Moreover, research has discovered that elevated levels of externally introduced miR-26a/b can augment the responsiveness of HCC cells to adriamycin. This is achieved through the specific targeting of ULK1 expression and the autophagy signaling pathway, both in laboratory settings (in vitro) and in living organisms (in vivo) (149).




2.5 miRNA delivery in HCC therapy

Several miRNAs possess the capacity to be utilized in clinical contexts for the therapeutic management of HCC. However, there is still a dilemma about the method of delivering medicinal chemicals in a more concentrated form to certain tissues (150). The intricate network of hepatocytes and non-parenchymal cells, along with the non-specific uptake of therapeutic vesicles, is the primary challenge that needs to be addressed in order to effectively administer miRNA for HCC treatment. Research has been conducted on non-viral distribution mechanisms. An important advantage of a non-viral strategy is the ability to exert precise control over the functionality of therapeutic medications. Conversely, the drawback of non-viral delivery is that its effects are transient and limited in duration after a certain number of administrations. This limitation arises from the fact that therapeutic miRNAs are susceptible to systemic excretion or degradation (sometimes referred to as degradation). miRNAs can be incorporated into stable nucleic acid lipid particles, or SNALPs, due to their capacity to inhibit rapid disintegration. Coating these SNALPs with polyethylene glycol (PEG) increases their circulation period (151, 152). Increased miRNA stability and off-targeting effects are both brought about by 2′-O-methyl modifications (153). As a result of the inherent viral tropism, virus-like particles (VLPs) can also be utilized for the purpose of distribution. Nevertheless, due to the fact that VLP is closely related to a viral external protein, it has the potential to trigger the immune response (154). Moreover, investigations on miR-375 have illustrated that this miRNA is more effectively delivered to the liver when it is conjugated to cholesterol (153). Nevertheless, as previously stated, the therapeutic effect of miRNAs transferred through non-viral means is only transient. Therefore, it is preferable for miRNAs to exhibit consistent and enduring efficacy in the treatment of chronic and inherited illnesses (155). RNAi sponges are responsible for delivering RNA strands that can be cleaved, hence preventing the degradation of siRNA during transportation. Moreover, the application of RNAi sponges presents a distinctive therapeutic approach due to their capacity to effectively inhibit the target miRNAs in a dominant fashion (156). HepG2 cells that were genetically modified with an adenoviral vector containing a miR-21 sponge experienced a significant decrease in the synthesis of miR-21, resulting in a reduction in the expression of MAP2K (157). Preclinical experiments have successfully utilized viruses to deliver miRNAs for the treatment of HCC. For example, when miR-26a was injected into HCC mice via AAV through the bloodstream, it showed a notable ability to inhibit tumor growth (158). It is not surprising that viral vectors have the ability to provide therapeutic effects that continue for a long time. The clinical safety of these vectors affects their use in clinical settings. The liposome technology known as Smarticles®, licensed from Marina Biotech, Inc (159), is utilized for the delivery of MRX34, the initial miRNA mimic currently undergoing clinical trials. At a neutral pH, Smarticles® possess an anionic charge, whereas in an acidic environment, they acquire a cationic charge. Because tumors have a lower pH, their absorption is enhanced while the risk of adverse interactions with normal tissue is reduced. The liposome component of MRX34 consists of different combinations of palmitoyl oleoyl phosphatidyl choline, dioleoyloxytrimethylammonium propane, 1,2-dimyristoylglycerol-3-hemisuccinate, and cholesterol. These mixes are used to inhibit the degradation of miR-34 and improve its distribution efficiency. Figure 3 provides a comprehensive summary of miRNAs in HCC.
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Figure 3 | The function of miRNAs in HCC, their association with therapy resistance, and their role in cancer diagnosis.





3 Long non-coding RNAs in hepatocellular carcinoma



3.1 Function of lncRNAs and their interaction with molecular pathways

LncRNAs can be classified into five distinct categories according to their proximity to neighboring protein-coding genes: (i) In the sense form, lncRNAs are located in the same region as the sense strand of a protein-coding gene. (ii) In the antisense form, lncRNAs are located in the same region as one or more exons of a protein-coding gene on the opposite strand, and they start at the 3′ end of a protein-coding gene. (iii) In the bidirectional form, both the lncRNA and the protein-coding gene on the opposite strand are expressed within a close distance of less than 1,000 base pairs (bp) from each other in the genome. The intron form of lncRNAs refers to cases when lncRNAs start within an intron of a protein-coding gene, without overlapping exons. On the other hand, the intergenic form, also known as large intervening non-coding RNAs or lincRNAs, are lncRNAs that are located in between genes (160–165). As the investigation of the structure of lncRNAs is still in its early stages, we will provide a summary of the existing structural data on lncRNAs. Regarding the structure and composition of lncRNA, there are three fundamental levels: primary, secondary, and tertiary structures (164). Recent insights into the structural architecture of lncRNAs have enhanced our comprehension of the molecular mechanisms that facilitate the functioning of these RNAs. Furthermore, protein binding sites can be identified inside secondary structures by the presence of duplexes, bulges, hairpins, internal loops, and junctions. These structures serve as the fundamental framework of lncRNAs that control areas without pairing and perform Watson–Crick base pairing (166). In addition, the complex organization of lncRNAs provides sites for interactions and ensures the stability of lncRNAs through the formation of a triple helix at the 3′ end of the lncRNA. The triple helix is used to stabilize lncRNAs that lack a poly(A) tail (167). LncRNAs have a fascinating role in modulating proteins, genes, and ncRNAs. Furthermore, recent research has emphasized the disruption of lncRNAs in different types of human tumors and their connection to the fundamental characteristics and biological processes of cancer (168–170). Figure 4 is an overview of miRNA regulation by lncRNAs in cancer.
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Figure 4 | An overview of lncRNAs.

LncRNAs demonstrate interaction with other molecular targets in human cancers. LncRNA LITATS1 has been shown to suppress EMT and enhances the degradation of TβRI to impair cancer cell plasticity (171). LncRNA MIR17HG is another factor that has been shown to suppress progression of breast cancer, and this factor sponges miR-454-3p to increase levels of FAM135A (172). Similar to miRNAs, the lncRNAs can be enriched in exosomes, and they are main regulators of miRNAs in cancer (173). The SLC31A1 has been considered as a regulator of cuproptosis in breast tumor, and LINC01614 exerts a modulatory impact on this gene (174). The high expression of HOTAIR in breast tumor mediates unfavorable prognosis, and it demonstrates interaction with miR-129-5p (175). Therefore, lncRNAs have an interaction with various molecular pathways in human cancers including ovarian tumor (176, 177).




3.2 LncRNAs in the regulation of proliferation and metastasis

Cancer cells exhibit uncontrolled proliferation in the absence of any external stimulants (161). This is a distinguishing feature exhibited by cancer cells. Cancer cells undergo alterations in the manufacture or function of chemicals that promote or inhibit growth, enabling them to bypass signals that regulate cell proliferation and attain unrestricted growth (89). Investigating the expression of lncRNAs has revealed the existence of lncRNAs that can either stimulate or hinder cell proliferation in many types of cancer, such as prostate cancer. The two lncRNAs that have received the most extensive research attention are HULC and LALR. Both of these lncRNAs have the capacity to impact cell growth by selectively interacting with many essential regulators in separate biological processes. Du and colleagues (178) found that HBV X protein (HBx) can increase the expression of HULC, leading to the promotion of hepatocyte proliferation by reducing the levels of p18 (hyphantria cunea nucleopolyhedrovirus). Their research has demonstrated that HBx can stimulate the HULC promoter via the CREB pathway. By suppressing HULC in a time-dependent manner, there was a significant decrease in cell proliferation in HBx stably transfected cell lines. Conversely, the excessive expression of HULC resulted in an augmentation of cell proliferation in L-O2 cells, which are derived from the parental HepG2 cells. This discovery is of great significance. The study demonstrated that the xenografts derived from same cells in nude mice exhibited equivalent results. Moreover, there is a belief that p18, a tumor suppressor, translocates to the nucleus to initiate the activation of the p53 pathway (179). It is also considered a target gene in human urothelial carcinoma. Subsequent examination uncovered that HULC suppresses the manifestation of p18 in both laboratory and living organism environments, thereby promoting the growth of liver cells. However, it is unclear from this article whether HULC downregulates p18 through direct binding or indirect interaction. Additional validation is necessary now. A further instance of an lncRNA that contributes to cell proliferation is the lncRNA-LALR1 (lncRNA associated with liver regeneration), which consists of approximately 480 bp in mice. According to Xu’s research, LALR1 is specifically increased in hepatocytes after two-thirds partial hepatectomy in mice. The overexpression of this factor can reduce the G0/G1 population in hepatocytes, resulting in an increase in cell proliferation. For a more in-depth examination of the procedure, it is important to mention that LALR1 can inhibit AXIN1 and, thus, stimulate the Wnt/β-catenin pathway in mouse hepatocytes. More specifically, LALR1 can interact with the transcription factor CTCF, causing CTCF to bind to the AXIN1 promoter region and inhibit the production of the gene. The stability of the β-catenin destruction complex decreases when the expression of Axin1 decreases. Meanwhile, proteins like T-cell factor-4 and lymphoid enhancer factor attach to active β-catenin. After being moved to the nucleus, it has an impact on the transcription of particular genes, such as c-myc and cyclin D1. LALR1 regulates the progression of the mouse cell cycle and promotes the growth of hepatocytes. Importantly, research has demonstrated that human liver tissues express a human ortholog of LALR1 (hLALR1), which is a significant discovery. Further investigation is necessary to ascertain the extent to which it exhibits similarities to mouse LALR1 (180).

A growing corpus of studies has demonstrated that the primary tumor is not the primary cause of mortality for many individuals; instead, the metastases are responsible for their demise. The initial stage of both invasion and metastasis involves the process of intravasation, where the cancer cells enter the nearby blood and lymphatic vessels. The following stages involve micrometastases, extravasation, transit through the lymphatic and hematogenous systems, colonization, and intravasation (89, 181). Recent research has demonstrated that a substantial quantity of lncRNAs associated with HCC have important functions in the cellular processes of invasion and metastasis. LncRNA-Dreh, a prototypical example, is an lncRNA that experiences downregulation in expression due to the presence of HBx. It was found that the level of Dreh expression was significantly decreased in HBx-transgenic animals and in mouse liver cells that expressed HBx. Both in laboratory experiments (in vitro) and in living organisms (in vivo), it has been observed that reducing the activity of cellular Dreh is linked to an elevation in the ability of liver cancer cells to migrate and invade surrounding tissues. Studies have demonstrated that Dreh has a higher affinity for vimentin compared to other molecules. Vimentin is the primary structural element of the cytoskeleton in mesenchymal cells and belongs to the type III intermediate filament family. The prevention of HCC metastasis is achieved by altering and reorganizing the expression of vimentin. Transfected cells expressing Dreh exhibit a significant decrease in vimentin levels, accompanied by the development of helical filaments that span from the nuclear membrane to the cellular membrane. However, when subjected to regulation, filament formations withdraw toward the nuclear membrane of the cells. Furthermore, the cytoplasm of cells transfected with Dreh exhibits a substantial presence of filamentous aggregation, together with a considerable quantity of irregular fragmented aggregated structures. Owing to the many alterations made to vimentin, the cells would experience instability, resulting in the facilitation of cell migration. Additionally, a human counterpart of Dreh (hDREH) has frequently been observed to be downregulated in tissues affected by HBV-related HCC. This drop in expression has been strongly associated with lower survival rates among patients with HCC. Given these information, it is crucial to prioritize further investigation of the hDREH in order to further therapeutic approaches (182). Another lncRNA called LET, which stands for low expression in tumor, has been found to have a substantial role in hypoxia-induced metastasis in HCC. LET levels are commonly reduced in various types of cancer, such as squamous cell lung carcinoma, colorectal cancer, and HCC. Through the use of orthotopic tumor models in nude mice, experiments involving both the enhancement and suppression of LET activity have shown that LET effectively reduces the infiltration of the liver and the dissemination of metastases to the abdominal area. Ultimately, Yang and colleagues (183) successfully discovered a pathway that includes hypoxia-inducible factor 1, alpha subunit (HIF-1a), histone deacetylase 3 (HDAC3), and leaflet/NF90. In hypoxic settings, HDAC3, which is controlled by HIF-1a, can inhibit LET via decreasing the histone acetylation-dependent control of the LET promoter region. LET downregulation leads to a decrease in direct interactions between LET and NF90. Consequently, this results in an improvement in the stability of NF90, finally causing a rise in the synthesis of HIF-1a. HIF-1a is a specific mRNA that NF90 targets and is involved in the process of metastasis induced by hypoxia. Thus, the spread of HCC is inhibited by LET through this mechanism of positive feedback. The presence of this feedback loop considerably increases the complexity of the gene regulation network.

The lncRNAs demonstrate interaction with various molecular targets in HCC (184). The lncRNA GBAP1 is stimulated by METTL3, and through the induction of the BMP/SMAD axis, it is able to enhance tumorigenesis (185). The lncRNA SNHG20 has been shown to downregulate miR-5095 and upregulate MBD1 in HCC progression (186). LncRNA SATB2-AS1 is another factor capable of impairing HCC development through suppression of STAT3/HIF-1α and enhancing GRIM-19 levels (187). The lncRNA SNHG1 has the tumor-promoting function in HCC and it can downregulate miR-199a-5p/3p to enhance levels of FANCD2 and G6PD in reducing ferroptosis (188). A number of lncRNAs respond to the hypoxia in the tumor microenvironment. The hypoxia-mediated increase in the levels of lncRNA MRVI10AS1 can recruit the CELF2 as an RNA-binding protein (RBP) to enhance SKA1 stability in increasing HCC progression (189). The cuproptosis-associated lncRNAs can be considered as prognostic factors in HCC (190). The lncRNA HClnc1 is able to induce PKM2 expression and mediates poor survival rate in HCC (191). The lncRNA SLC7A11-AS1 increases the ubiquitination of KLF9 to enhance tumorigenesis in HCC (192). The lncRNA PTOV1-AS1 overexpression modulates miR-505 expression, and it is able to stimulate sorafenib resistance in HCC (193). Taking everything together, the current studies highlight that lncRNAs are versatile factors in HCC and can modulate various hallmarks with different downstream targets (194–196).




3.3 LncRNAs in the regulation of drug resistance in HCC

Considerable progress has been made in the treatment of HCC, thanks to the development of medications. Various anticancer therapies have been employed in this regard. Multiple investigations have been undertaken to investigate the development of treatment resistance in HCC (197–200). Zhang and colleagues (201) discovered that the prevention of miR-15a-5p in HCC leads to resistance to therapy due to the enhanced expression of elF4E. Insufficient radiofrequency ablation in HCC can lead to treatment resistance due to an increase in the expression rate of Hsp70. The suppression of miR-15a-5p in HCC leads to treatment resistance through the overexpression of elF4E. As a result of an increase in the expression level of Hsp70, it has been observed that insufficient radiofrequency ablation can lead to treatment resistance in HCC (202). EZH2 in HCC downregulates the expression of miR-381, resulting in the activation of the Akt signaling pathway, which is accountable for the development of treatment resistance (203). This section discusses the role of lncRNAs in HCC treatment resistance regulation. There are two principal types of lncRNAs in this context: those that operate as chemosensitizers and those that can create drug resistance. That is why it may be possible to elevate HCC cell susceptibility to drugs by hindering carcinogenic lncRNAs. Silencing LINC00173 lowers resistance to cisplatin and is related to a poor outcome in HCC. LINC00173 downregulates miR-641, which, in turn, regulates RAB14 expression, causing cisplatin resistance in HCC (204). Other research looked at how anticancer medications influenced HCC cell survival levels and discovered that these agents instigate cell death (205, 206). Consequently, inhibiting apoptosis in tumor cells might lead to the development of drug resistance, a common trait observed in HCC. ST8SIA6-AS1, a lengthy non-coding RNA, has been demonstrated to hinder apoptosis and expedite the proliferation of HCC cells. The cytoplasmic lncRNA ST8SIA6-AS1 functions as a mediator for the sequestration of miR-4656, resulting in the upregulation of HDAC11 expression and the consequent inhibition of apoptosis in HCC (207). Hence, in order to make HCC cells more responsive to treatment, apoptosis is generally advised.

Growing evidence proposes that the lncRNA NEAT1 has a prominent role in the development of treatment resistance in HCC. During the development of sorafenib resistance in HCC, the lncRNA NEAT1 triggers the activation of protective autophagy. NEAT1 is a lengthy RNA molecule that functions as a mediator for miR-204 sponge, which increases the expression of ATG3 and ultimately triggers autophagy (208). A recent study has demonstrated the involvement of autophagy in the development of treatment resistance in HCC. According to the findings of this study, LINC00160 acts as a decoy by reducing the expression of miR-132, leading to an increase in ATG5 expression. Additionally, it enhances autophagy and promotes treatment resistance in HCC via reducing the expression of p62 (209). The lncRNA NEAT1 is observed to have increased expression in HCC. Considering this, it should have oncogenic activity. The study conducted by Niu and colleagues (210) uncovered that NEAT1 is the causative factor in stimulating the production of miR-149-5p. This, in turn, activates Akt1 signaling and finally leads to the development of resistance to sorafenib in HCC. Increased expression of BLCAF1 has been correlated with enhanced proliferation and invasion of HCC cells, and it plays a considerable role in this process. BLCAF1 is responsible for enhancing NEAT1 expression, which actuates chemoresistance in HCC (211). It can be inferred that suppressing the lncRNA NEAT1 expands the drug sensitivity of HCC cells. The lncRNA/STAT3 axis is involved in modulating the drug susceptibility of HCC cells. An observation has been made that the lncRNA DANCR is excessively produced in HCC. Furthermore, it has been demonstrated that the suppression of this gene is related to the vulnerability of tumor cells to sorafenib. Liu and colleagues’ research (212) reveals that the lncRNA DANCR enhances STAT3 signaling, leading to the development of sorafenib resistance in HCC. Several lncRNAs have represented dual functions as both oncogenes and onco-suppressors in HCC. This specific occurrence is observed in the lncRNA H19 in HCC. Increasing evidence indicates that the lncRNA H19 plays a function in promoting cancer development in HCC. In a study conducted by Wu and colleagues (213), it was discovered that polymorphisms of the lncRNA H19 may increase the risk of developing and beginning HCC.




3.4 Therapeutic targeting of lncRNAs in hepatocellular carcinoma

Presently, the outlook for HCC is often unfavorable, mostly due to the lack of a specific treatment target. Sorafenib, which specifically targets receptor tyrosine kinases (RTKs), is the most commonly prescribed targeted medicine for the treatment of HCC. Resistance to sorafenib is commonly observed in the treatment of HCC (214, 215). In summary, antisense oligonucleotides (ASOs) are specific lncRNAs that bind to short single-stranded DNAs, resulting in the formation of a DNA–RNA complex. RNase H has the ability to identify and break down this particular combination. On the other hand, RISCs are formed when short double-stranded RNAs are attached to the AGO2 protein. Subsequently, it is necessary for them to associate with specific lncRNAs in order to create an RNA–RNA complex, which will subsequently facilitate the suppression of lncRNAs (216). Considering these differences, it is probable that ASOs and RNAi demonstrate varying degrees of effectiveness in silencing, depending on several factors, such as the specific location inside the cell where the targeted lncRNAs are found. Within nuclei, ASOs have demonstrated more efficacy compared to RNA interference (RNAi). However, RNAi has proven to be more effective than ASOs in targeting cytoplasmic lncRNAs (217). This could be due to the fact that RNase H is predominantly located in the nucleus, while RISC largely carries out its duties in the cytoplasm (218, 219). Delivery of tumor-suppressive lncRNAs could potentially serve as an alternative method to knock down oncogenic lncRNAs by delivery. PRAL, for example, is an lncRNA that acts as a tumor suppressor by stabilizing p53. Furthermore, it has been shown that the administration of PRAL by an adenovirus vector may noticeably lessen the growth of HCC in tumor-bearing mice, indicating that it may have potential clinical applications for the treatment of HCC (220). It is important to note that there are a significant number of HCC-targeted ASOs and RNAi therapies available, as they have already been used to treat HBV. In summary, ASOs and siRNAs undergo modifications through chemical conjugates [such as N-acetylgalactosamine (GalNAc)] (221) or are encapsulated in delivery vehicles (such as lipid nanoparticles) (222), leading to an enhanced pharmacokinetic profile. The successful application of ASOs and RNAi in treating HBV establishes a strong foundation for the treatment of HCC and lncRNAi.




3.5 LncRNAs as ceRNA of miRNAs in hepatocellular carcinoma

Furthermore, lncRNAs has the capacity to engage in competition with endogenous RNA and act as “sponges” for miRNAs, thereby regulating the synthesis of target mRNAs. Recent research indicates that several lncRNAs linked to HCC possess the capability to regulate the expression of specific genes by binding to miRNAs (223). This hinders the binding of specific miRNAs to their target mRNAs. The miR-200 family is responsible for inhibiting the process of EMT and the spread of tumors to other parts of the body (224). The human chromosome 11p15.5 serves as the origin of transcription for H19, an lncRNA that is evidently suppressed in HCC. H19 possesses the capability to attach itself to hnRNPU/PCAF/RNAPol II, leading to an augmentation in histone acetylation and the initiation of miRNA-200. The latter hinders the proliferation of malignancies and counteracts the consequences of the EMT (225). In summary, ASOs are specific lncRNAs that bind to short single-stranded DNAs, resulting in the formation of a DNA–RNA complex. RNase H can identify and break down this particular combination. On the other hand, RISCs are formed by attaching short double-stranded RNAs to the AGO2 protein. Subsequently, they must associate with certain lncRNAs to create an RNA–RNA complex, which will subsequently facilitate the suppression of lncRNAs (226). Vertebrate H19 contains both canonical and non-canonical binding sites for let-7. Let-7 is a pivotal protein involved in the pathogenesis of HCC. H19 functions as an in vivo molecular sponge and conducts genome-wide transcriptome profiling. It plays a role in controlling the availability of let-7 (227). It is clear that lncRNAs reduce the regulation of miRNAs by functioning as miRNA sponges. Moreover, miRNAs possess the capacity to directly engage with lncRNAs and inhibit their synthesis (228, 229). The HOXA distal transcript antisense RNA (HOTTIP) is a non-coding antisense transcript that is situated at the farthest end of the HOXA gene cluster. It has the ability to regulate the expression of HOXA genes in close proximity to HCC. An important function of miR-125b in liver cancer is to control the activity of HOTTIP following the completion of transcription. There is compelling evidence indicating a clear link between HOTTIP and miR-125b. It is commonly seen that when miR-125b is downregulated, there is often an increase in HOTTIP expression (230). In the context of liver cancer, miR-192 and miR-204 act as tumor suppressors. Although argonaute 2 (Ago2) is predominantly located in the cytoplasm, additional RNAi factors, including Dicer, TRBP, and TRNC6A/GW182, are also found in the nucleus of the cell. These proteins play a crucial role in the regulation of functional RNAi (231). HOTTIP can partake in physical interaction with Ago2. One notable attribute exhibited by cancer cells is the presence of glutaminolysis (GLS1). As the enzyme that catalyzes the transformation of glutamine to glutamate, mitochondrial GLS1 is significantly critical to the glutaminolysis process (232). Both miR-204 and miR-192 can decrease HOTTIP expression via the Ago2-mediated RNAi pathway. The next step is to silence GLS1 expression in HCC cells, which leads to a drastic decrease in HCC cell viability (233).




3.6 Clinical importance, diagnosis, and prognosis

The association between several lncRNAs and clinicopathologic characteristics and prognosis in several types of cancers (234–238) highlights the potential of lncRNAs as biomarkers for determining prognosis. Out of the 74 lncRNAs that are not functioning properly in HCC, 63 are linked to the clinicopathologic characteristics of the illness. These characteristics include size, focality, differentiation, encapsulation, invasion, metastasis, disease stage, survival, nontumor traits (such as cirrhosis), serum alpha-fetoprotein (AFP), and the presence or absence of HBV infection. Specifically, it was shown that the majority of lncRNAs were linked to factors such as overall survival, cancer stage, and tumor size. This result enhances the importance of lncRNAs as indicators for prognosis. The rationale for this is that variables such as tumor size, cancer stage, and patient survival rate have a substantial influence on the probability of survival. It is crucial to note that several lncRNAs are strongly linked to many clinicopathologic variables. Cirrhosis, tumor invasiveness, blood AFP levels, HBV status, metastatic disease, HCC stage, and survival are all attributes encompassed within this classification. Six specific lncRNAs—PANDAR, MALAT-1, GPC3-AS1, CARLo-5, UCA1, and LOC90784—have been found to have a substantial correlation with six to eight distinct clinicopathologic characteristics. These findings indicate that these six lncRNAs have the capacity to establish a characteristic of a negative prognosis. Similarly, three lncRNAs (FTX, AOC4P, and linc-p21) that have been reduced in expression have been discovered to be significantly linked to six different clinicopathologic characteristics. Consequently, they have the potential to function as a distinctive indicator of a favorable prognosis. It is important to note that among the lncRNAs that showed either increased or decreased levels, a total of 17 were shown to be clinically associated with distinct tumor characteristics, such as size, location, degree of differentiation, invasion, and spread to other parts of the body. The efficacy of these lncRNAs in modulating cancer-related cellular markers has been confirmed by experiments conducted utilizing in vitro and in vivo mouse models. Cancerous growth is distinguished by specific characteristics, including tumor size, cell cycle, apoptosis, cell transformation, cell migration, invasion, and metastasis. Out of the total of 16 increased lncRNAs, 6 have been proven to play significant roles in the growth of tumors and the spread of metastasis. These six RNAs are GLTC, PCAT-14, SNHG12, MALAT-1, Linc00462, and PDIA3P1. It has been reported that these six lncRNAs modulate key cancer pathways, such as Hedgehog, NF-κB, FGFR1/ERK, mTOR, PI3K/AKT, and p53. On one hand, the downregulation of linc-p21 activates the Notch signaling pathway. On the other hand, the downregulation of uc.134 deactivates the Hippo kinase pathway. The deregulation of these eight lncRNAs, which target crucial cancer pathways and have been validated both clinically and experimentally, showed substantial correlations with tumor characteristics, vascular invasion, metastasis, cancer stage, and survival. This finding reaffirms the potential of these lncRNAs as potential prognostic biomarkers and for the development of drugs (Figure 5) (239). The lncRNAs WRAP53 and UCA-1 are also diagnostic factors in HCC (NCT05088811). However, more clinical studies are required to understand the role of lncRNAs in HCC.
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Figure 5 | The function of lncRNAs in diagnosis, therapy resistance, and progression.





4 CircRNAs in hepatocellular carcinoma



4.1 Biogenesis of circRNAs and their interaction with molecular pathways

Circular RNAs (circRNAs) are generated through lariat-circulating or back-splicing mechanisms, originating from various regions of the genome (240). Exons are the predominant origin of circRNAs, although intergenic, intronic, antisense, and UTR sections can also serve as potential sources, albeit extremely rarely. The designations circRNAs, EIciRNAs, and ciRNAs are used in the order of their origin, specifically from the exon, exon and intron, and intron, respectively. The majority of circRNAs are predominantly localized in the cytoplasm, although they can also be found in other subcellular compartments (241–244). The production of circRNA is affected in many ways by various sequence characteristics. Lengths of introns and exons, repetitive sequences, and RBPs are all examples of such factors. One type of RBP is the quaking protein, another is the heterogeneous nuclear ribonucleoprotein L, and yet another is the muscleblind protein (245–250). Liang and colleagues (251) have recently found, by the use of RNAi screening, that the proportion of linear to circRNA expression is regulated by numerous core spliceosomal and transcription termination factors. How are circRNAs degraded or eliminated? Lately, researchers have been focusing their efforts on exosomes. Exosomes are vesicles with two layers of membranes that contain various functional molecules, such as proteins, miRNAs, lncRNAs, and circRNAs. They have the ability to enhance cell-to-cell communication through either paracrine or endocrine mechanisms (252). CircRNAs can potentially undergo clearance or degradation through exosomal release, a mechanism that involves the removal of circRNAs from the plasma membrane (253). Figure 6 is an overview of circRNAs in cancer.
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Figure 6 | An overview of circRNAs in cancer.

Understanding the interaction of circRNAs with downstream targets in human cancers can highlight the underlying mechanisms involved in carcinogenesis. In breast tumor, circ_0001667 is able to downregulate miR-6838-5p in increasing CXCL10 expression to accelerate tumorigenesis and mediate angiogenesis (254). Hsa_circ_0063329 is another factor capable of miR-605-5p suppression to increase TGIF2 expression in prostate cancer suppression (255). The circ-hnRNPU is a regulator of tumorigenesis and glycosylation that can suppress NONO-induced c-Myc transactivation (256). circRNA hsa_circ_0067842 has been shown as a regulator of tumorigenesis in breast cancer that enhances invasion and induces immune evasion through PD-L1 upregulation (257). In most cases, the action of circRNAs is related to the modulation of miRNA expression through sponging (258–262). Hsa_circ_0001278 inhibits miR-338-5p to increase AMOTL1 to enhance colorectal cancer progression (263).




4.2 CircRNAs exert dual function in hepatocellular carcinoma

The fact that circRNAs are made in specific tissues makes it likely that they contribute to the development of various diseases (264–267). The consequences revealed that several malignancies, including HCC, exhibit an upregulation of the cancer-causing circRNA known as CDR1as (268). Previous research found that elevated CDR1as levels in HCC tissues were highly associated with invasion of the liver microvasculature and only weakly with HCC development (269). Scientists demonstrated that HCC cell growth and invasion were reduced when CDR1as was inhibited. Recent studies have shown that CDR1as binds to miR-7 and acts as a sponge. HCC cell growth and invasion were inhibited by increasing miRNA-7 expression. Both cyclin E1 (CCNE1) and phosphoinositide 3-kinase catalytic subunit δ (PIK3CD), which are their target genes, saw a decrease in transcription. The PIK3CD/phospho-p70 S6 kinase (p70S6K)/mammalian target of rapamycin (mTOR) signaling pathway is disrupted when CDR1as functions as a miR-7 sponge, enhancing the proliferation and invasion of HCC cells. These results point to a critical function for CDR1as in controlling HCC progression. Furthermore, CDR1as-regulated proteins in HCC cells were identified using a quantitative proteomics approach (270). After conducting the proteomic analysis and functional verification, it was demonstrated that the overexpression of CDR1as has the capacity to enhance the proliferation and progression of the cell cycle in HCC cells. One way to achieve this is by controlling the signaling of epidermal growth factor receptor (EGFR) through the modulation of miR-7 expression. Tumor cells undergo a process called EMT to become metastatic and invasive. During EMT, the tumor cells lose E-cadherin and gain vimentin (271–274). Recent findings have represented that the transcription factor Twist1, known for its ability to trigger EMT, plays a role in upregulating the expression of Cul2 circRNA (circ-10720) (275). Circ-10720 exhibited a significant connection with the occurrence of malignant tumors and a worse prognosis in HCC. Upon conducting additional analysis, it was revealed that circ-10720 promoted the growth, movement, and infiltration of HCC cells. Twist1 may increase the expression of vimentin by increasing the levels of circ-10720, which binds to a group of miRNAs that specifically target vimentin. This implies that the procedure involved in this can be delineated as follows. Therefore, it was discovered that the Twist/circ-10720 pathway has a beneficial impact on the progression of EMT in lung cancer. However, the tumor-promoting function of Twist1 was abolished both in laboratory experiments (in vitro) and in living organisms (in vivo) when circ-10720 was employed to suppress it. The results indicated that circ-10720 plays a role in promoting the development of HCC and suggests that circ-10720 could be a potential target for therapeutic intervention in HCC treatment. This analysis also uncovered some distinctive perspectives on therapy approaches for HCC intervention that are founded on circRNA. The development of cancer and its progression are greatly impacted by aquaporin 3, sometimes referred to as AQP3 (276). Scientists demonstrated an association between high AQP3 expression levels and tumor growth, metastasis, and prognosis of patients with HCC (277, 278). AQP3 levels were markedly increased in the HCC tissues where it was identified. A study revealed that miR-124-3p is noticeably suppressed in HCC and hinders the proliferation and migration of HCC cells by targeting AQP3 (279). Additional study has revealed that circHIPK3 functions as a sponge for miR-124-3p, hence regulating the production of AQP3. CircHIPK3 has the ability to enhance the growth and movement of HCC cells by interacting with the miR-124-3p/AQP3 axis. An in vivo study showed that suppressing circHIPK3 led to a reduction in the progression of HCC. Furthermore, the role of another circRNA known as hsa_circ_0000673 in the progression of HCC has been revealed (280). According to the data, hsa_circ_0000673 was shown to be highly expressed in HCC tissues. Knocking down hsa_circ_0000673 led to a significant reduction in the growth and spread of HCC cells, as well as a prevention of tumor formation in living organisms. Hsa_circ_0000673 functioned as a miR-767-3p sponge, leading to an upregulation of its downstream effector SET. This was achieved through a mechanistic process. Moreover, there is a correlation between the atypical expression of SET and the proliferation of cancer (281, 282). SET has been found to act as an oncogene during the development of cancer. Not only was it found that the levels of SET were increased in HCC, but it was also established that there is a strong correlation between high SET levels and unfavorable clinical outcomes (283). Hsa_circ_0000673 played a role in promoting HCC malignancy via influencing the miR-767-3p/SET pathway.

There was a notable disparity in the expression of circRNA SMAD2 (circSMAD2) between HCC tissues and the adjacent normal tissues (284). A significant association was seen between CircSMAD2 and the extent of differentiation observed in HCC tissues. Overexpression of circSMAD2 has the capacity to inhibit the migratory, invasion, and EMT responses of HCC cells. This study has verified that miR-629 is the specific target of circSMAD2. Moreover, miR-629 has the capacity to mitigate the impact of circSMAD2 on the progression of HCC. Furthermore, it was found that the expression of circC3P1, a different circRNA, was reduced in HCC (285). Overexpressing CircC3P1 significantly suppresses the proliferation, migration, and invasion of colon cancer cells. Moreover, circC3P1 suppressed the progression of HCC and its metastatic potential in live organisms. An important finding is that circC3P1, by acting as a sponge for miR-4641 in HCC cells, resulted in an upregulation of phosphoenolpyruvate carboxykinase 1 (PCK1) expression. The considerable reduction in the proliferation, migration, and invasion of HCC cells was seen when the expression of PCK1 was inhibited by circC3P1. By specifically targeting miR-4641 in HCC, circC3P1 successfully fulfills its role as a tumor suppressor. This was achieved by upregulating the expression of PCK1. Further findings indicated that hsa_circ_0005986 functioned as a tumor suppressor in the progression of HCC (286). The expression of hsa_circ_0005986 was significantly downregulated in HCC tissues compared to healthy tissues. The downregulation of hsa_circ_0005986 led to the release of miR-129-5p, resulting in a decrease in the expression of its target gene, Notch1. The downregulation of hsa_circ_0005986 had a significant impact on the cell cycle transition, leading to an increase in the proliferation of HCC cells. Moreover, there was a direct relationship between the decreased expression level of hsa_circ_0005986 and the clinicopathological characteristics of patients with HCC. These attributes encompassed the dimensions of the tumor, the presence of microvascular invasion (MVI), and the stage of liver cancer as assessed by the Barcelona Clinic Liver Cancer (BCLC) classification. Thus, hsa_circ_0005986 has the potential to not only slow the process of HCC carcinogenesis, but also serve as a possible biomarker for diagnosing HCC. Yu and colleagues (287) utilized RNA-sequencing technology to compare the expression of circRNAs in paired HCC and surrounding non-tumorous tissues from two groups. The cSMARCA5 (hsa_circ_0001445) circRNA has been accurately characterized and originates from exons 15 and 16 of the SMARCA5 gene. The role of cSMARCA5 in the progression of HCC was investigated. The results indicated that the expression of cSMARCA5 was reduced in many HCC tissues. Patients with HCC who underwent surgical removal of the tumor showed a decrease in the expression of cSMARCA5, which was associated with more aggressive clinicopathological characteristics. This indicates that it could serve as a risk factor for both overall survival and recurrence-free survival in those individuals. Research indicates that the overexpression of cSMARCA5 can impede the migration and proliferation of HCC cells. cSMARCA5 increased the expression of the widely recognized tumor suppressor tissue inhibitor of metalloproteinase 3 (TIMP3) by acting as a sponge for miR-17-3p and miR-181b-5p. These findings not only provide new insights into the role of circRNAs in HCC development, but also highlight the importance of cSMARCA5 in promoting HCC growth and metastasis. A separate study (288) discovered that the presence of hsa_circ_0001445 was observed in both HCC and pericancerous tissues that were appropriately paired. The findings revealed a significant decrease in the expression of hsa_circ_0001445 in HCC tissues. This decrease showed an inverse correlation with the number of tumor foci. Based on gain-of-function investigations, overexpression of hsa_circ_0001445 can lead to cell death and limit the ability of HCC cells to move, invade, and multiply in a laboratory setting. The results indicate that hsa_circ_0001445 plays a regulatory role in the progression of HCC.

The circRNAs show interaction with other pathways in HCC. The circ_0002003 overexpression can enhance tumorigenesis through sponging miR-1343-3p to increase DTYMK, DAP3, and STMN1 levels (289). As an anticancer compound, sevoflurance has been shown to upregulate circ_0001649 to upregulate SGTB through miR-19a-3p inhibition in impairing HCC progression (290). Therefore, anticancer compounds can regulate circRNAs in HCC (291, 292). Circ-MBNL3 suppresses miR-873-5p expression to enhance PHF2 levels in impairing HCC progression (293). Hsa_circ_0093335 inhibits miR-338-5p expression to elevate HCC malignancy (294). Hsa_circ_0119412 is another factor that suppresses miR-526b-5p in enhancing STMN1 levels to facilitate tumorigenesis (295). Circ_0124208 downregulates miR-338-3p to upregulate LAMC1 and can be used as a biomarker in HCC (296). Circ_0082319 undergoes upregulation by HuR, and it can sponge miR-505-3p to upregulate PTK2 in tumorigenesis induction (297).




4.3 CircRNAs in the regulation of therapy resistance and therapeutic perspective

Resistance to therapy is a major factor in the reappearance and spread of HCC, and it poses a considerable obstacle to tumor treatment (298, 299). Recently, several studies have found that specific dysregulated circRNAs play a role in the resistance of HCC to chemotherapy and radiation, respectively. CircRBXO11 promotes tumor growth and confers resistance to oxaliplatin in HCC cells by sponging miR-605, which targets FOXO3, and activating ABCB1 (300). Moreover, studies have shown that circ_0003418 functions by suppressing the development of cancer and resistance to cisplatin chemotherapy in HCC through the Wnt/β-catenin pathway (301). Furthermore, circRNA 101505 increases NOR1 expression and absorbs miR-103, making HCC cells less sensitive to cisplatin (302). In addition, cZNF292 has the ability to increase the radiosensitivity of hypoxic HCC cells by decreasing the Wnt/β-catenin pathway and effectively enhancing the nuclear translocation of SOX9 (303). Moreover, Wu and colleagues found that the circRNAs’ profile of HCC could potentially serve as biomarkers for individuals with sorafenib-resistant HCC (304). Sorafenib resistance in HCC is sustained by two primary pathways, according to Xu and colleagues. During the first step, the Wnt/β-catenin pathway is launched and miR-103a-2-5p/miR-660-3p is active. Since the N6-methyladenosine modification increased RNA stability, it was found to improve the expression of circRNA-SORE (305). In addition, circRNA-SORE formed a connection with and stabilized YBX1 by inhibiting PRP19-mediated YBX1 degradation. In addition, HCC cells demonstrated the ability to develop resistance to sorafenib by means of the translocation of circular RNA-SORE through exosomes (306).

The progression of HCC is closely linked to specific circRNAs that show increased expression. Therefore, circRNAs have the potential to be targeted therapeutically for HCC. HCC cells, as well as individuals who have experienced HCC metastasis or recurrence, have demonstrated a heightened level of circASAP1 expression. Studies have shown that circASAP1 promotes the growth of HCC cells, as well as the formation of clusters, movement, infiltration, tumor growth, and spread to the lungs, both in laboratory settings and in living organisms. CircASAP1 has been shown to promote metastasis of HCC through the miR-326/miR-532-5p-MAPK1/CSF-1 signaling pathway. Hence, circASAP1 exhibits the capacity to function as a promising therapeutic target for HCC (307). The heightened expression of circTMEM45A in serum exosomes obtained from patients with HCC has the potential to be utilized as a new diagnostic and therapeutic target for patients with HCC (308). Furthermore, the presence of a regulatory network composed of circ-CDYL-centric ncRNAs, in conjunction with HDGF and HIF1AN, holds promise as valuable biomarkers and targets for the timely identification and management of HCC (309). Therefore, it is believed that increased circRNA expression in HCC aids in the development of cancer, whereas their suppression has the opposite impact in HCC. One way to limit the development of HCC and have an anticancer impact is to use short interfering RNAs that are developed to target the backsplicing junction sites of oncogenic circRNAs (310, 311). Some circRNAs that have their expression downregulated are potentially potential therapeutic targets because of their capacity to restrict tumor growth and prevent the formation of HCC. As an example, cSMARCA5 expression is significantly downregulated in HCC tissues, it is associated with growth and metastasis, and it may serve as a separate prognostic marker for patients with HCC even after hepatectomy. Both in vivo and in vitro investigations have demonstrated that cSMARCA5 inhibits the growth and spread of HCC. This suggests that cSMARCA5 has potential as both a diagnostic and a therapeutic tool for HCC (287). Han and co-workers discovered that circMTO1 expression was associated with a poor outcome for breast cancer patients. Reduced circMTO1 expression intratumorally accelerated HCC development in vivo, suggesting its utility for HCC-targeted therapy. The circMTO1 gene may one day be used as a diagnostic tool and treatment target for people afflicted with HCC (312). Moreover, Zhang and colleagues uncovered that the expression of circDLC1 was reduced in HCC, and this was directly linked to the prognosis of patients with HCC. The overexpression of circDLC1 was observed to restrict the proliferation and metastasis of lung cancer cells in both laboratory and living organism environments. CircDLC1 has the potential to function as both a target for therapy and a biomarker for predicting outcomes in persons with HCC (313). Despite the decrease in the expression of these circRNAs, it is plausible that inducing their overexpression in HCC cells or tissues via transfection could lead to substantial anticancer effects.




4.4 CircRNAs as ceRNA for miRNAs in hepatocellular carcinoma

Studies on the composition of circRNAs have shown that these RNA molecules possess a noticeable abundance of miRNA binding sites, which extend the interaction between circRNA and miRNA (265). Subsequent investigations have illustrated that circRNAs had the capacity to regulate the expression of genes from which they originate through their interaction with miRNA molecules (314, 315). An instance of this can be seen in the correlation between the excessive expression of has_circ_0005075 and the dimensions of the HCC tumor. This discovery revealed that has_circ_0005075 might be responsible for the proliferation of the tumor, and it indicated a remarkable diagnostic capacity (AUROC = 0.94). Moreover, by the use of GO and route analysis, it was anticipated that has_circ_0005075 will be involved in cell adhesion. This pathway exhibited strong associations with cell proliferation, invasion, and metastasis in people diagnosed with HCC. It was postulated that the biological activities of has_circ_0005075 may modulate some components of the tumor cell membrane through biological functions. On top of that, it was found that the gene has_circ_0005075 has the ability to interact with four different miRNAs, namely, hsa-miR-23b-5p, hsa-miR-93-3p, hsa-miR-581, and hsa-miR-23a-5p, resulting in a decrease in their production and functionality. The results demonstrated above indicate that a considerable level of has_circ_0005075 expression in HCC is associated with the development of tumors, suggesting that this gene could serve as a promising biomarker for HCC (316).

Another study discovered that HCC was associated with extremely high rates of the famous circRNA Cdr1as, also known as ciRS7 (317). This circRNA contained a precise match for miR-671 and more than 70 conserved binding sites for miR-7. Blocking Cdr1as can potentially impede the proliferation and spread of hair cancer cells. Furthermore, the expression of miR-7 was decreased throughout this period. Overexpression of miR-7 can potentially suppress the expression of CCNE1 and PIK3CD, two genes that it specifically targets. Suppressing Cdr1as led to a reduction in the expression of several genes. These findings suggest that Cdr1as, apart from its role in targeting miR-7 in HCC, may also function as an oncogene (317). A research conducted by Xu and colleagues showed that the expression of Cdr1as was decreased in HCC. In addition, the study identified a strong association among the expression of Cdr1as and several factors: age below 40 years, serum AFP levels of 400 ng/μL or higher, hepatic MVI, and two specific genes targeted by miR-7, namely, PIK3CD and p70S6K (269). A similar discovery was made, indicating that the presence of Cdr1as was linked to the miR-7 target gene PIK3CD, suggesting that Cdr1as could function as a miR-7 inhibitor. The level of Cdr1as expression is highly correlated with HCC, a relationship that may be substantiated by considering all available information. Further validation is necessary to ascertain whether Cdr1as can function as a potential biomarker for HCC, as its role in this context remains unclear. Through circRNA microarray analysis, we identified the upregulation of circ 100338, which exhibited a robust association with shortened cumulative survival. Furthermore, a positive correlation was found between HBV infection and the progression of metastasis in patients with HCC (318). Circ_100338 acts as a sponge for miR-141-3p, which can be counteracted by miR-141-3p. This, in turn, hinders the progression of cell metastasis in liver cancer. By simultaneously expressing miR-141-3p and circ_100338 in MHCC97H cells, it is feasible to restore the suppression of invasive capacity caused by the excessive production of miR-141-3p. The overexpression of miR-141-3p can reverse the increased migratory and invasive ability of MHCC97H cells caused by circ_100338. These data indicate that circ_100338 could be used as a novel biomarker for diagnosing and assessing patient survival in patients with HBV-related HCC (318). A recent study has shown that the expression of circ_0067934, which is increased in HCC, can promote the Wnt/β-catenin signaling pathway by functioning as a miR-1324 sponge. MiR-1324 has the ability to impede the activation of the Wnt/β-catenin signaling pathway by specifically targeting the 3′-UTR of FZD5. Downregulating the expression of FZD5 and inhibiting the activation of the Wnt/β-catenin signaling pathway can substantially reduce the proliferation, migration, and invasion of Hep3B and HuH7 cells. This can be accomplished by upregulating the expression of miR-1324 or by downregulating the expression of circ_0067934. The study’s findings suggest that targeting the circ_0067934/miR-1324/FZD5/Wnt/β-catenin signaling axis could be a promising approach for treating HCC. Moreover, in this particular instance, cellular demise was seen (319, 320).




4.5 CircRNAs as diagnostic factors in HCC

The overall survival rate for people with HCC is dismal since the disease is typically detected at an advanced stage (321). Early-stage disease is characterized by a small number of symptoms and limited availability of biomarkers (322). Furthermore, the accuracy of the present biomarkers, like α-fetoprotein (AFP) and AFP-L3, in detecting lung cancer is only moderate (322). CircRNAs show high levels of abundance and stability in HCC tissue and bodily fluid, and they are tightly linked to many biological processes in HCC; hence, they have been suggested as possible diagnostic biomarkers for HCC. The ability of hsa_circ_0068669 to serve as a biomarker for the progression of HCC metastasis was demonstrated by Yao and colleagues. There was also a considerable correlation between the amount of microvascular invasion and the expression of hsa_circ_0068669 highlighted by them. The possibility of circRNAs as biomarkers for the diagnosis of HCC has been explored in a recent research (316, 323, 324). The upregulation of Circ-CDYL, a promoter for HCC, may lead to an increase in the expression of several proto-oncogenes. With an AUC of 0.64 [95% confidence interval (CI) = 0.55–0.72], Wei and colleagues (325) revealed the diagnostic performance of circ-CDYL in the early stage of HCC. This remark was made recently. After a thorough analysis of the levels of circ-CDYL expression in relation to HDGF and HIF1A, the results showed an improved diagnostic accuracy, as indicated by an AUC of 0.73 (95% CI = 0.65–0.80), a sensitivity of 75.36%, and a specificity of 66.67%. The AFP only showed an AUC of 0.59 (95% CI = 0.49–0.70), a sensitivity of 50.72%, and a specificity of 83.78% when compared to circ-CDYL with HDGF and HIF1A. According to the results of this experiment, it seems that the combination of circ-CDYL with HDGF and HIF1AN may serve as a more precise diagnostic biomarker compared to AFP. A research on the levels of expression of hsa_circ_0028502 and hsa_circ_0076251 was carried out by Jiang and colleagues (326) in malignant tissues and surrounding para-cancerous tissues. Based on consequences, it was observed that the rates of hsa_circ_0028502 and hsa_circ_0076251 were considerably lower in tissues that were correlated with HCC (p < 0.001). A noticeable correlation was discovered between the level of hsa_circ_0028502 and the stage of metastasis in the tumor nodes (p = 0.015), whereas the expression of hsa_circ_0076251 was associated with the stage of liver cancer at the Barcelona Clinic (p = 0.038). The AUCs of hsa_circ_0028502 and hsa_circ_0076251 were 0.675 and 0.738, respectively, when HCC tissues were differentiated from liver cirrhosis tissues and chronic hepatitis tissues. Additionally, Matboli and collaborators (327) evaluated the diagnostic performance of hsa_circ_001565, hsa_circ_000224, and hsa_circ_000520 for HCC. The results showed that when compared to AFP, these three hsa_circ_samples were more sensitive and specific. A diagnostic performance increase of 80% was achieved with the inclusion of these three biomarkers, leading to a sensitivity of 100% and a specificity of 83.33%. In an ROC curve study including 40 patients with HCC and 40 healthy controls, the AUC for hsa_circ_0016788 was found to be 0.851.59. This discovery expands upon what is already known. Additionally, the hsa_circ_0128298 gene, which was shown to be highly overexpressed in HCC tissues, had a sensitivity of 0.716, a specificity of 0.815, and an AUC of 0.668 (264).

In addition, Yao and colleagues (328) conducted an analysis on the expression of circZKSCAN1 (hsa_circ_0001727) in a cohort of 102 patients who were diagnosed with HCC. The gene expression in tumor tissues was markedly lower compared to the non-tumorous samples that were matched to the tumor tissues (p < 0.05), as indicated by the results. The expression rate of circZKSCAN1 was represented to be remarkably associated with many clinical indicators, including tumor grade (p < 0.001), vascular invasion (p = 0.002), microvascular invasion (p = 0.002), the existence of cirrhosis (p = 0.031), and the number of tumors (p < 0.01). When used as a diagnostic biomarker, circZKSCAN1 consistently illustrated strong performance with an AUC of 0.834, a sensitivity of 82.2%, and a specificity of 72.4%. Plasma circRNAs can be utilized as diagnostic biomarkers for HCC, together with alterations observed in HCC tissue. In a comprehensive study conducted by Yu and co-workers (329), a plasma circRNA panel (circPanel) was developed and evaluated. This panel included three specific circRNAs: hsa_circ_0000976, hsa_circ_0007750, and hsa_circ_0139897. The main objective of this large-scale multicenter inquiry was to determine the effectiveness of this panel in identifying HCC that is connected to the HBV. The circPanel, a newly created diagnostic tool, outperformed AFP in terms of diagnostic performance in a validation sample of 306 individuals. The circPanel had an AUC of 0.843 (95% CI = 0.796–0.890), while AFP had an AUC of 0.747 (95% CI = 0.691–0.804). The circPanel demonstrated a reliable performance in diagnosing small HCC (solitary < 3 cm) and AFP-negative HCC compared to other approaches, with AUC values of 0.838 (95% CI = 0.776–0.900) and 0.857 (95% CI = 0.793–0.921), respectively. Thus, growing data emphasize that circRNAs play a significant role in the control of tumor formation and can be regarded as potential therapeutic and diagnostic factors in HCC (330–337). A clinical study has also shown that circ_0004001 can be utilized for the diagnosis of HCC (NCT06042842). Figure 7 is an overview of circRNAs in HCC. Table 1 is an overview of the ncRNAs in the regulation of tumorigenesis in HCC.
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Figure 7 | An overview of circRNAs in cancer diagnosis and therapy.

Table 1 | The recent advances of ncRNAs in HCC.
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5 Conclusion, future perspectives, and challenges

The diverse biomolecular properties of HCC are evident in its wide range of clinical outcomes and progression, as well as its morphological features, which are evaluated by radiologists and pathologists (368). The foundation of both cirrhotic nodules and hepatocarcinogenesis is controlled by different molecular mechanisms. This development is linked to the up- or downregulation of many miRNAs. The current research illustrates that mTOR is the most frequently observed miRNA-regulated pathway in HCC. Moreover, the rates of miRNA expression also modulate other pathways, such as apoptosis, Wnt, and MAPK. In addition, there are other miRNAs that are expected to have therapeutic significance, particularly in relation to post-surgical recurrence and responsiveness to systemic therapy. These miRNAs are involved in at least one of the main molecular pathways that contribute to the development of hepatocarcinogenesis. The identification of specific tissue and serum miRNAs that can accurately predict the development of HCC in patients with cirrhosis, anticipate the recurrence of HCC after surgery, or forecast the response to systemic treatment has the potential to greatly enhance the management of these patients. The clinical application of miRNAs has consistently posed challenges, mostly due to the variation among laboratories and the identification of an appropriate control for normalization. A recent study conducted by our team revealed the alteration in the miRNA profile of HCC compared to a group of healthy livers and a group of cirrhotic tissues, which were used as non-tumor controls. Some authors have proposed utilizing stable miRNAs as controls when investigating the expression of other miRNAs. In order to gain a deeper understanding of the potential role of these molecules as theragnostic indicators in HCC, it would be beneficial to provide further details regarding the most commonly observed miRNA in live animal models, such as rats and mice. Based on the existing knowledge, this would be carried out in a manner that is appropriate and in line with the current circumstances. A diagnostic method for liver nodules based on miRNA and a treatment that regulates miRNA are still being developed. However, it is necessary to address the issue by establishing standardized protocols for miRNA analysis in different laboratories. These two approaches of diagnosis and treatment are essential.

The primary goals of this review are to provide a foundational understanding of liver cancer genesis, to discuss the role of lncRNA in this process, to examine the impact of tumor angiogenesis on HCC progression, and to explain how lncRNA controls tumor angiogenesis (369). Investigating how lncRNAs regulate tumor cell phenotypic alterations that promote HCC cell invasion and metastasis was the next step. Once in the circulation, lncRNA helps HCC cells avoid detection by the immune system by changing how susceptible tumor cells are to anoikis and by giving the immune system a way to avoid cancer cells in general. Finally, we will go over two questions that still have not been answered regarding cancer metastasis: targeted metastasis and tumor dormancy. These two matters hold a lot of potential. Additionally, the pro-metastasis niche, vascular dormancy, and immunological dormancy are the conventional explanations for these two inquiries. A lot of questions remain unanswered, despite the fact that new research has shed light on the role that lncRNA plays in HCC metastasis. Even though the best way to treat HCC is to remove the tumor surgically when it is still small, most individuals are found to have the disease far advanced when they have surgery. The good news is that there are now very few medications that can be used as a first line of defense against HCC. The multi-targeted tyrosine kinase inhibitors doxorubicin and sorafenib are two such examples of such drugs. It was found that many essential signaling pathways are involved at the start of HCC. The MEK pathway, the PI3K/AKT/mTOR system, the Wnt/β-catenin pathway, the JAK/STAT route, and the IGF pathway are all pathways that fall under this category (370). There is evidence suggesting that lncRNAs play a role in controlling the signal pathway mentioned earlier and offer new strategies for the clinical diagnosis and treatment of HCC (223). There has been substantial progress in tumor immunotherapy in recent years, leading to the widespread use of tumor immunovaccine in clinical settings. HCC is a common tumor that is linked to inflammation, and immunotherapy for this specific malignancy has reached an advanced stage. Tremelimumab, a CTLA-4 inhibitor, pembrolizumab, a PD-1/PD-L1 inhibitor, and nivolumab have all been used in clinical therapy (371). A recent study has shown that lncRNAs play a role in regulating the immune system in cancer. Special attention should be given to the investigation of immunotherapy that is linked to lncRNA in future investigations. Furthermore, the investigation of focused spread of cancerous growths is a captivating and auspicious research pursuit. The preferred sites for the spread of different types of tumors are unique from each other. Enhancing our comprehension of the underlying mechanisms that trigger the dissemination of tumor metastasis to particular sites may facilitate the amelioration of their treatment. The phenomenon of tumor dormancy has attracted growing attention, leading to several experimental investigations. Conversely, the study of tumor dormancy is currently in its initial phases, and numerous crucial inquiries remain unresolved. Is it accurate to say that all cancers in the human body contain dormant tumor cells? What is the duration of tumor dormancy? Which types of cancer cells are in a state of dormancy? Can latent tumor cells always become active? What is the method for reviving them? Ultimately, future research on lncRNAs should prioritize investigating their role in modulating the immune system, targeting metastasis, and regulating dormancy in liver cancer, to comprehend its role in metastasis and as a promising target for pharmaceutical intervention.

Emerging evidence indicates that some circRNAs show varying levels of expression in the tissues of patients with HCC. Furthermore, the disruption of these circRNAs is linked to clinicopathological features in patients with HCC (372). CircRNAs play a regulatory role in transcription by acting as sponges for miRNAs and RBPs. This enables them to control the production of certain target proteins and miRNAs. miRNAs and proteins contribute to the advancement of HCC and are linked to cell invasion, metastasis, and proliferation. The unique benefits of circulatory RNAs, including their high quantity, durability, and occurrence in many physiological fluids, render them appealing as diagnostic and prognostic markers and as targets for therapy in cases of HCC. circRNAs are very stable and plentiful in exosomes generated from serum. Exosomes carry a cargo of RNAs and proteins that tumor cells release and transfer to other cells in order to affect their behavior. Hence, circRNAs can play a dual role in promoting cancer advancement and serving as non-invasive biomarkers for cancer detection. Moreover, the presence of fusion circRNA contributes to the cancer cells’ capacity to withstand treatment. This resistance is a major obstacle in the use of chemotherapy for cancer treatment, and it could be a contributing factor to the ineffectiveness of current treatments in eradicating malignant tumors. However, it remains uncertain whether any circRNA, including fusion circRNA, is involved in the resistance of HCC to treatment. The investigation of circRNAs in HCC is still in its early stages, unlike the research on coding RNAs, mRNAs, and lncRNAs. Currently, there is a lack of knowledge about the prevalence of functional circRNAs in HCC. The majority of these studies have primarily examined the functions of these circRNAs as miRNA sponges in promoting the proliferation of HCC cells. However, only a limited number of these circRNAs have been thoroughly researched in terms of their mechanisms of action. A comprehensive understanding of the synthesis, degradation, cellular localization, functions, and mechanisms of action of the vast majority of circRNAs that are currently awaiting investigation is still lacking. A more comprehensive study of the relationship between circRNAs and the causes, behaviors, and molecular processes of HCC would enhance our understanding of human disorders. On top of that, this would provide new opportunities for improving the diagnosis, prognosis, and treatment of HCC. During hypoxia, the exosomes can enhance the progression of lung pre-metastatic niche in HCC through the delivery of miR-4508. The upregulation of exosomal miR-4508 is observed in HCC, and it can modulate the p38 MAPK–NF-κB axis (373).

The current studies highlighted the fact that dysregulation of ncRNAs commonly occurs in HCC. The major ncRNAs including miRNAs, lncRNAs, and circRNAs are therapeutic, diagnostic, and prognostic factors. From a therapeutic aspect, the ncRNAs can be targeted by the drugs in HCC therapy. However, the drugs have a poor pharmacokinetic profile and their clinical importance is limited. Therefore, the researchers are suggested to focus on the application of genetic tools for the regulation of ncRNAs. Moreover, the epigenetic drugs have a low ability in binding to the ncRNAs as epigenetic factors and regulate cancer progression. Although a high number of studies have evaluated the function of ncRNAs in the modulation of tumorigenesis, one of the largest limitations is the lack of focus on the application of nanoparticles for the regulation of ncRNAs.
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Background

This study aimed to assess the effectiveness and safety of vascular intervention combined with lenvatinib versus vascular intervention alone in the treatment of advanced hepatocellular carcinoma (HCC) with portal vein tumor thrombus (PVTT), and to identify prognostic factors associated with the treatment outcomes.





Methods

We conducted a retrospective analysis of data from 92 patients with advanced HCC and PVTT who were treated between February 2016 and February 2023. Among them, 56 patients underwent vascular intervention alone (transarterial chemoembolization, TACE), while 36 patients received vascular intervention (TACE or hepatic arterial infusion chemotherapy [HAIC]) combined with lenvatinib. The primary outcomes included progression-free survival (PFS), overall survival (OS), and objective response rate (ORR). Survival rates were estimated by the Kaplan-Meier method, and confounders were adjusted using inverse probability of treatment weighting (IPTW). Prognostic factors were determined through the Cox regression model.





Results

The median follow-up duration was 20.07 months (interquartile range: 6.41–25.36). The combination therapy group had a significantly longer median PFS (11.00 vs. 5.00 months, P<0.05) and OS (12.91 vs. 6.83 months, P<0.05) in comparison to the monotherapy group, and these findings remained consistent after IPTW matching. Moreover, the combination therapy group showed a higher ORR (55.56% vs. 26.79%, P<0.05) based on mRECIST criteria. Cox multivariate analysis identified extrahepatic metastasis and maximum tumor diameter as risk factors for PFS, while age, tumor number, and maximum tumor diameter influenced OS. Combined treatment emerged as a protective factor for OS. In the combination therapy group, hypertension was the most frequent adverse event, with grade 3 or 4 adverse events occurring rarely.





Conclusion

The combination of vascular intervention with lenvatinib has demonstrated improved PFS and OS in advanced HCC patients with PVTT, and its safety profile appears to be acceptable. Adoption of this combined treatment strategy at an earlier stage may enhance patient outcomes.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth most prevalent cancer worldwide, and has the third highest mortality rate, surpassed only by lung and colorectal cancer (1, 2). In China, it ranks fourth in cancer incidence and second in terms of mortality (3, 4), with a five-year survival rate of only 12.1% (5). Early-stage HCC goes undetected due to the absence of clinical symptoms, resulting in a diagnosis at an advanced stage in 70%-80% of patients. Among them, 44%-62.2% of patients present with portal vein tumor thrombus (PVTT), which is associated with an exceedingly unfavorable prognosis, with a median survival of only 2.7 months (6, 7).

PVTT results in extensive dissemination of tumors throughout the liver, causing portal hypertension, hepatocellular jaundice, and refractory ascites. When the main portal vein is affected, it significantly disrupts the portal venous blood supply, leading to severe liver function deterioration, rapid disease progression, and ultimately liver function decompensation. This, in turn, deprives patients of the opportunity for curative treatment (8–10).

Vascular interventional therapies, such as transarterial chemoembolization (TACE) and hepatic arterial infusion chemotherapy (HAIC), alongside systemic therapies like lenvatinib and sorafenib, are frequently employed in clinical practice for the management of patients with unresectable HCC and concurrent PVTT (11–13).

TACE has emerged as the standard therapeutic approach for intermediate and advanced-stage HCC. In China, HAIC is primarily recommended for patients who either decline or demonstrate insufficient response to systemic therapy, as well as those with selective extrahepatic metastases. Japanese scholars endorse HAIC for patients who have experienced failure or resistance to TACE (14). However, TACE treatment might induce hypoxia, increasing the expression of vascular endothelial growth factor (VEGF), which might be an important factor contributing to TACE resistance. And other factors also contribute to the complex tumor microenvironment of HCC (15, 16).

Lenvatinib, a multi-kinase inhibitor, exerts inhibitory effects on vascular endothelial growth factor receptor (VEGFR) and platelet-derived growth factor receptor (PDGFR), thereby suppressing VEGF and PDGF signaling. This mechanism promotes tumor shrinkage, necrosis, and reduces portal vein pressure (17, 18). This mechanism might also reduce TACE resistance, suggesting a potential synergistic effect between lenvatinib and TACE treatment (19). Lenvatinib has demonstrated efficacy as a treatment modality for reducing tumor burden and regressing PVTT (20).

The available clinical research evidence strongly supports the utilization of combination therapy as a comprehensive treatment approach for advanced-stage liver cancer, surpassing monotherapy with either vascular intervention or lenvatinib. The combination therapy group has shown superior objective response rate (ORR), progression-free survival (PFS), and overall survival (OS), while maintaining an acceptable safety profile (19–22).

This study was conducted to evaluate the effectiveness and safety of combined therapy involving lenvatinib and vascular intervention compared to vascular intervention alone in patients with advanced hepatocellular carcinoma (HCC) and concurrent portal vein tumor thrombus (PVTT), and to identify prognostic factors associated with treatment outcomes.





Materials and methods




Patient

Data were retrospectively collected from advanced HCC patients with PVTT who underwent treatment at the Department of Interventional Therapy, Cancer Hospital, Chinese Academy of Medical Sciences, between February 2016 and February 2023. A total of 92 patients with complete data were included in this study. Among them, 56 patients underwent vascular interventional treatment (monotherapy group), while 36 patients underwent vascular intervention combined with lenvatinib (combination therapy group).

The study applied the following inclusion criteria: (1) patients diagnosed with HCC through clinical evaluation and further confirmed with imaging evidence of PVTT; (2) patients undergoing the combination therapy of vascular interventional treatment (TACE or HAIC) with lenvatinib or TACE alone; (3) presence of at least one lesion that can be assessed using Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 and modified RECIST (mRECIST); (4) Child-Pugh class A or B; (5) Eastern Cooperative Oncology Group performance status (ECOG-PS) 0 and 1. The criteria for the combination period were established to administer lenvatinib concurrently with TACE/HAIC therapy or within a 60-day window before or after TACE/HAIC treatment.

The exclusion criteria were as follows: (1) presence of liver metastases originating from malignancies in other organs or intrahepatic cholangiocarcinoma; (2) lesions that could not be measured; (3) absence of baseline or follow-up imaging data; (4) coexistence of other malignancies.

Clinical data for each patient were collected, including age, gender, body mass index (BMI), hepatitis B/hepatitis C infection status, Child-Pugh class, ECOG score, and baseline alpha-fetoprotein (AFP) level. Tumor-related variables were also recorded, such as the number of primary tumors, maximum diameter, PVTT classification [Cheng’s classification method (23, 24)], and presence of extrahepatic metastasis.

This study was approved by the Ethics Committee of the Cancer Hospital, Chinese Academy of Medical Sciences, ensuring adherence to the ethical standards established by the institutional and/or national research committee (Ethics Approval Number:23/518–4261). The procedures were conducted in accordance with the principles outlined in the 1964 Helsinki Declaration and its subsequent amendments. The Ethics Committee granted a waiver for individual informed consent.





Clinical treatment procedure

All patients underwent vascular interventional therapy. The monotherapy group received TACE, while the combination therapy group received TACE/HAIC along with lenvatinib. TACE involved the identification of tumor-feeding arteries through angiography, followed by the intrarterial administration of chemotherapy drugs and iodized oil. The chemotherapy regimen included agents such as paclitaxel, oxaliplatin, lobaplatin, and hydroxycamptothecin, with embolization performed using iodized oil and/or gelatin sponge particles. The HAIC treatment protocol involved the direct placement of a catheter into the hepatic artery, either directly or immediately following TACE treatment. Continuous 24-hour infusion chemotherapy of oxaliplatin, calcium folinate, and fluorouracil was administered through a subcutaneously implanted port system.

In clinical practice, the selection of treatment modality is based on the evaluation of the patient’s condition and comprehensive evaluation of disease. TACE was primarily indicated for patients exhibiting minor PVTT and a limited tumor burden. Conversely, HAIC was contemplated for cases involving advanced tumor thrombus classified as type III or IV, large tumor burden, and scenarios where TACE was deemed insufficient for achieving optimal embolization due to the presence of significant arteriovenous shunts. Additionally, HAIC was considered for patients presenting with concurrent distant metastasis.

The dosage of lenvatinib was determined based on the patient’s body weight, with a daily dose of 12 mg for individuals weighing ≥60 kg and 8 mg for those weighing <60 kg. Lenvatinib administration was discontinued on the day of each interventional treatment. If the interventional treatment did not result in significant symptoms such as fever, nausea, or vomiting, lenvatinib was resumed after the intervention. In cases where the intervention caused significant and persistent symptoms, lenvatinib treatment was resumed after symptom relief. The drug label allowed for lenvatinib dosage reduction (to 8 mg and 4 mg per day) to mitigate drug-related toxicity.





Adverse events

AEs occurring during lenvatinib treatment were primarily assessed by their frequency and severity, following the Common Terminology Criteria for Adverse Events (CTCAE, version 5.0). Mild and transient AEs, such as pain, fever, elevated liver enzymes, and nausea, occurring after vascular interventional therapy were not documented for the patients.





Follow-up and outcome assessment

Follow-up visits were scheduled at approximately 6-week intervals, involving enhanced CT or MRI scans. OS denoted the duration between the initial vascular intervention or lenvatinib treatment after PVTT diagnosis and either death or last follow-up. PFS represented the timeframe from the initial lenvatinib administration or vascular intervention and disease progression or last follow-up. PFS and OS rates for 6 and 12 months were calculated. RECIST 1.1 and mRECIST criteria were employed to assess effectiveness, yielding the objective response rate (ORR) and disease control rate (DCR). Tumor reactions were categorized as complete response (CR), partial response (PR), stable disease (SD), or progressive disease (PD). ORR encompassed the combined rates of CR and PR, while DCR combined ORR with SD rate.





Statistical analysis

Qualitative data were analyzed using the chi-square or Fisher’s exact test, while quantitative data were subjected to the t-test or Wilcoxon rank-sum test. Kaplan-Meier analysis was employed to evaluate OS and PFS rates. To mitigate potential selection bias between the two groups, inverse probability of treatment weighting (IPTW) was used. Prognostic factors in advanced HCC patients with PVTT were evaluated through Cox regression model. A significance level of P < 0.05 was deemed statistically significant. Data analysis was conducted using R 4.2.2 for Windows.






Results




Baseline characteristics

Ninety-two patients were enrolled in the study, with a median age of 59 years (interquartile range [IQR]: 48.75–64.25). Most were male, accounting for 92.39% (n = 85). The median BMI was 23.6 kg/m2 (IQR: 21.175–26.225), and there was a significant difference between the two groups (24.6 vs. 22.35, P < 0.05). Hepatitis B or C virus infection was detected in 95.6% (n = 87) of the patients with 80.34% (n = 74) classified as Child-Pugh class A. The baseline AFP levels were 419.75 ng/ml (IQR: 29.14–18061.50). The majority of patients (65.93%) had three or more liver tumor lesions, with a maximum tumor diameter of 8.7 cm (IQR: 6.00–12.25). Lymph node or distant metastasis was observed in 40.22% (n = 37) of the patients. Fifteen patients (16.30%) had received prior treatments before intervention/lenvatinib therapy, and there was a significant difference between the 2 groups (8.93% vs. 27.78%). Table 1 shows the detailed patient characteristics.

Table 1 | Baseline demographics and clinical characteristics in 92 patients.
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Effectiveness assessment

The median follow-up duration was 20.07 months (interquartile range [IQR]: 6.41–25.36), with no notable differences in follow-up duration between the two groups (P=0.156). After the exclusion of four samples with missing values, the analysis incorporated a total of 88 samples. The combination therapy group exhibited significantly longer median PFS (mPFS) compared to the monotherapy group (11.00 vs. 5.00 months, P < 0.05), with a similar trend observed for median OS (mOS) (12.91 vs. 6.83 months, P < 0.05). The combination therapy group exhibited notably higher 6-month OS rates compared to the monotherapy group (94.44% vs. 66.07%, P<0.05) (Supplementary Table 1). Additionally, baseline age, BMI, and prior treatment before intervention/lenvatinib therapy were included as variables in the IPTW analysis. After IPTW analysis, the mPFS of the combination therapy surpassed that of the monotherapy group (22.57 vs. 4.96 months, P < 0.05), with the similar positive outcomes observed in mOS (12.90 vs. 12.70 months, P < 0.05). The survival curves before and after IPTW are illustrated in Figure 1.

[image: Four Kaplan-Meier survival plots labeled A, B, C, and D. Charts A and C show overall survival (OS) probabilities, while B and D present progression-free survival (PFS). Each plot compares combination therapy (pink line) to monotherapy (blue line). Log-rank p-values indicate statistical significance: A (p=0.016), B (p=0.036), C (p=0.04), D (p=0.029). Median OS and PFS times, with 95% confidence intervals, are displayed on each chart. Hazard ratios for A and B suggest greater efficacy of combination therapy over monotherapy. Tables below each plot show numbers at risk over time for both treatments.]
Figure 1 | Comparison of OS and PFS between two groups by Kaplan-Meier method before (A, B) and after (C, D) IPTW.

In combination group, there was no significant survival difference between patients treated with TACE and those treated with HAIC (mPFS: 8.64 vs. 23.66 months, P = 0.61; mOS: 12.1 vs. 16.0 months, P =0.62) (Supplementary Figure 1).

In univariate Cox regression analyses, extrahepatic metastasis (lymph nodes) and maximum tumor diameter were identified as risk factors for PFS, while combined treatment demonstrated a protective effect on PFS (Supplementary Table 2). Tumor number (≥3), and maximum tumor diameter emerged as risk factors for OS, while combined treatment acted as a protective factor for OS (Supplementary Table 3). Multivariate Cox regression analysis revealed that extrahepatic metastasis (including lymph nodes and distant metastasis) and maximum tumor diameter were risk factors for PFS. However, prior treatment before intervention/lenvatinib therapy was found to be a protective factor for PFS. Furthermore, risk factors for OS encompassed age, tumor number, and maximum tumor diameter, with combined treatment exhibiting a protective effect on OS.

The ORR based on mRECIST criteria in the combination therapy group reached 55.56%, significantly higher than the data in the monotherapy group (26.79%, P < 0.05). Besides, the ORR based on RECIST 1.1 criteria in the combination therapy group reached 13.89%, and the DCR stood at 97.22%, both markedly surpassing those in another group (ORR: 1.79%, DCR: 78.58%, P < 0.05) (Table 2, Figure 2).

Table 2 | Tumor response to therapy according to RECIST v1.1 and mRECIST between the two groups.
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Figure 2 | Tumor response to therapy according to RECIST v1.1 (A) and mRECIST (B) between the two groups.





Safety

As the majority of patients experienced mild and transient reactions, such as pain, fever, elevated liver enzymes, and nausea following vascular intervention therapy, which generally resolved with symptomatic treatment or short-term clinical observation, AEs subsequent to the intervention were not systematically documented.

Table 3 presents a summary of AEs associated with oral administration of lenvatinib in patients. The most commonly reported AEs were hypertension (36.11%) and fatigue (30.56%). Apart from two cases of grade 3 hypertension, the remaining AEs were classified as grade 1 or 2.

Table 3 | Adverse events in 36 patients receiving lenvatinib treatment.
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Discussion

Advanced-stage HCC patients with PVTT constitute a cohort characterized by severe portal hypertension, diminished liver function, and rapid disease progression. These factors contribute to a median survival of only 2.7 months, greatly impacting overall patient prognosis (6, 7, 25). Such patients are typically unsuitable for immediate curative surgery or liver transplantation, and immediate survival benefits may not be realized from these interventions (8, 10, 12, 26). The BCLC guidelines (11) recommend systemic therapy, while vascular interventional therapies such as TACE and HAIC are endorsed in Asian countries (12, 13, 26–28). However, vascular intervention alone offers limited survival extension, and its efficacy can be influenced by PVTT type and liver function grade (28, 29).

Lenvatinib has demonstrated a median survival of 13.6 months in patients with unresectable HCC (30), which has garnered recommendations from both the BCLC (11) and Chinese guidelines (6, 7) for HCC with PVTT. Regarding combination therapy involving lenvatinib plus vascular intervention, substantial progress has been made. The LAUNCH study (19) highlighted the superiority of this combination over lenvatinib alone in advanced HCC, showcasing improved mOS and mPFS. Echoing these findings, a retrospective study (22) reported superior survival outcomes with combination therapy compared to TACE alone. Our study focuses on HCC patients with PVTT, aiming to discern the differences in effectiveness between monotherapy and combination therapy, and to identify the target patient population for optimized treatment outcomes.

Our results indicate a pronounced survival benefit with the combination therapy, showcasing superior mPFS and mOS compared to vascular intervention alone. Even with the implementation of the IPTW method to mitigate selection bias, our results remained robust, underscoring the reliability of our findings. The synergy between the two treatment modalities, particularly anti-VEGF action of lenvatinib, plays a pivotal role in these outcomes (27, 31–34). Additionally, combination therapy appears to preserve liver function and reduce the frequency of required TACE sessions (22, 35). In our study, the combination therapy group achieved a mPFS of 11.0 months, which was comparable to the findings from other similar large-sample studies (10.6 months, 8.6 months) (19, 21). However, the mOS of 12.91 months was shorter than observed in other studies (17.8 months, 15.9 months) (19, 21). This discrepancy may be attributed to the heightened risk of distant metastasis in our PVTT patient cohort (36, 37), with 41.66% exhibiting extrahepatic metastasis.

The 6-month OS rate in combination group was markedly higher than that in the monotherapy group, and the 12-month OS rate, as well as the 6-month and 12-month PFS rates, also showed numerical improvement in the former. This highlights the potential importance of combination therapy in clinical practice. Furthermore, our 12-month OS rate in combination therapy group was lower compared to that in an aforementioned study (72.22% vs. 88.4%), and the 12-month PFS rate was similarly shorter than reported in that study (66.67% vs. 78.4%) (22). This can also be explained by the impact of PVTT on prognosis. Study by Yuan et al. (38), which also focused on PVTT, showed a similar 1-year OS rate (75.4%) to ours.

The classification of PVTT types revealed that the majority of patients had milder vascular invasion (Types I and II), aligning with prior research (23, 39). Our multivariate analysis indicated that patients with types III or IV PVTT did not show worse impact on OS and PFS, compared to those with type I or II. This finding contrasts with clinical observations that suggest more severe PVTT classifications correlate with poorer prognosis. In clinical practice, intervention treatments like TACE or HAIC are only recommended for patients with type III or IV PVTT if their liver function is relatively good and can tolerate such treatments. These patients generally have better conditions and more opportunities for treatment, implying greater chances of survival. This suggests that carefully selected patients with type III or IV PVTT could also potentially benefit from combined interventional and lenvatinib treatment. However, further research is necessary to validate these results, and the effects of other accompanying treatments and confounding factors should be analyzed. Yuan’s study also found that patients with Vp1–2 and Vp3–4 PVTT undergoing combined treatment (TACE-HAIC and tyrosine kinase inhibitor [TKI] plus immunotherapy) did not show a significant difference in prognosis. The researchers speculated that the prognostic impact of the severity of PVTT might be counteracted by the significant efficacy of the combined treatment (38).

In terms of treatment response, combination therapy demonstrated a superior ORR and DCR, suggesting its extensive applicability for HCC patients with PVTT. Compared with Yuan’s research, our study had an equivalent level of ORR (55.56% vs. 53.7%, based on mRECIST).

The Cox multivariate regression analysis identified extrahepatic metastasis and tumor size as risk factors for PFS, while age, tumor number, and tumor size emerged as risk factors for OS. The LAUNCH study (19), employing univariate and multivariate analyses, indicated that tumor number, microvascular invasion (MVI), and AFP level are risk factors for PFS. This aligns with our study, both elucidating that unfavorable characteristics of the tumor closely correlate with worse prognosis. Real-world data from China showed that, compared to starting lenvatinib after two vascular interventions, initiating lenvatinib before or after the first vascular intervention significantly improved mPFS in patients (14.5 vs. 8.9 months, P=0.048) (40). All these findings underscore the potential benefits of early initiation of combination therapy.

Moreover, the Cox multivariate regression analysis showed that combination therapy is a protective factor for OS. Similarly, both the LAUNCH (19) and CHANCE001 (41) studies have indicated that the combined treatment is a protective factor for OS and PFS. These findings imply that the combined therapy, as opposed to monotherapy with either targeted drugs or vascular intervention, is associated with enhanced survival benefits, bearing significant clinical implications.

Concerning safety, lenvatinib was generally well-tolerated, and hypertension was the most common AE. Grage 3 or 4 AEs were rare and manageable.

Despite these insights, our study is not without limitations. The inherent selection bias in retrospective studies raises concerns, although we employed the IPTW method to mitigate this issue. Another problem is that not many patients received HAIC treatment alone, so only patients receiving TACE treatment were included in the monotherapy group. To test the impact of different interventional techniques on patient survival within the combination therapy group, additional analyses about survival of the two groups of patients was conducted, and the results showed no significant differences. Additionally, the single-center design and limited sample size necessitate further validation through multicenter, prospective, large-sample cohort studies.

It is worth noting that immune checkpoint inhibitors have also become a standard option in the treatment of advanced HCC. The exploration of combining TACE with immunotherapy and TKIs is underway, with preliminary results indicating a synergistic effect (41, 42). The combination could potentially represent a novel treatment strategy for HCC in the future. We will also continue to explore the clinical practice of immunotherapy in combination treatments in the future.

In conclusion, our study suggests that combination therapy involving vascular intervention and lenvatinib offers a viable, relatively safe treatment option for advanced HCC patients with PVTT. It holds the potential to improve both PFS and OS compared to vascular intervention alone. Early consideration of this combined therapeutic approach may enhance patient outcomes.
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Hepatocellular carcinoma (HCC) is the predominant form of liver cancer and ranks as the third leading cause of cancer-related mortality globally. The liver performs a wide range of tasks and is the primary organ responsible for metabolizing harmful substances and foreign compounds. Oxidative stress has a crucial role in growth and improvement of hepatocellular carcinoma (HCC). Nuclear factor erythroid 2 (1)-related factor 2 (Nrf2) is an element that regulates transcription located in the cytoplasm. It controls the balance of redox reactions by stimulating the expression of many genes that depend on antioxidant response elements. Nrf2 has contrasting functions in the normal, healthy liver and HCC. In the normal liver, Nrf2 provides advantageous benefits, while in HCC it promotes harmful effects that support the growth and survival of HCC. Continuous activation of Nrf2 has been detected in HCC and promotes its advancement and aggressiveness. In addition, Activation of Nrf2 may lead to immune evasion, weakening the immune cells’ ability to attack tumors and thereby promoting tumor development. Furthermore, chemoresistance in HCC, which is considered a form of stress response to chemotherapy medications, significantly impedes the effectiveness of HCC treatment. Stress management is typically accomplished by activating specific signal pathways and chemical variables. One important element in the creation of chemoresistance in HCC is nuclear factor-E2-related factor 2 (Nrf2). Nrf2 is a transcription factor that regulates the activation and production of a group of genes that encode proteins responsible for protecting cells from damage. This occurs through the Nrf2/ARE pathway, which is a crucial mechanism for combating oxidative stress within cells.
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1 Introduction

Liver cancer ranks fourth in global incidence of cancer (2, 3). Primary liver malignancies are correlated with considerable clinical, economic, and psychological burdens, posing a noticeable obstacle in both developed and developing nations (4). Healthcare providers encounter hepatocellular carcinoma (HCC), which accounts for as much as 85–90% of primary liver malignancies. Variations in HCC risk factors are observed across various regions and countries. For example, chronic hepatitis B virus (HBV) infection, alcohol consumption, and hepatitis C virus (HCV) infection all contribute to the development of HCC. Risk factors, molecular subtype, and genetic landscape vary from country to country; in addition, the clinical manifestation of HCC differs by region (5, 6). Antiviral therapy and HBV vaccination are regarded as potentially effective preventative measures against the development of HCC (7, 8). Moreover, developments in the diagnosis and treatment of HCC have contributed to a substantial decline of mortality attributable to HCC by 20.3% between 1990 and 2017 (9). It should be mentioned that general cytotoxic agents such as 5-FU, adriamycin (ADM), cisplatin (DDP) and docetaxel have been advocated as chemotherapeutic agents for HCC. Furthermore, molecular target inhibitors like sorafenib have been developed to specifically target vascular endothelial growth factor receptors (VEGFR) in order to impede the development and angiogenesis of HCC. A multitude of chemotherapy strategies have been devised to address HCC. These encompass a wide range of approaches, such as traditional cytotoxic chemical therapies, gene therapy, radiation, molecular target inhibitor treatments, and medication combination techniques. that have demonstrated superior antitumor efficacy compared to monotherapy (10).

Early stages of HCC are amenable to treatment with liver resection, transplantation, and ablation, among other successful therapeutic approaches. HCC patients are frequently identified at an advanced stage, when treatment is approximately impossible, despite the progress made in diagnostic techniques (11, 12). As a result, imaging techniques that are novel should be utilized to diagnose HCC. It is recommended that patients with cirrhosis undergo screening for the development of HCC (13). Furthermore, urine, plasma, and serum can all be regarded as valuable diagnostic resources for HCC (14). A 5-year survival rate of less than 50% is observed for patients with HCC as a result of advanced stage of disease diagnosis, recurrence risk, and the metastatic character of cancer cells (15). As developing countries have a higher incidence level of HCC than developed countries, Eastern Asia and Africa account for as much as 85 percent of all HCC cases (11, 16). Genomic and epigenetic modifications are considerable contributors to the development of HCC, alongside the environmental and lifestyle factors (infection and alcohol consumption, respectively) (17).

The expression of Nrf2 is highly concentrated in HCC cells, and it is correlated with chemoresistance (18). Caused by mutations in Nfe2l2 and Keap1, the Nrf2/ARE pathway is activated, resulting in upregulation of cytoprotective proteins transcription and nuclear Nrf2 overexpression. This promotes tumorigenesis and increases the survival of tumor cells (19, 20). Moreover, chemoresistance HCC cells have an overexpression of Nrf2, which aids in the formation of chemoresistance (21–23). The expression of Nrf2 in three HCC cell lines is associated with chemoresistance to DDP (24).

The objective of recent investigations is to comprehend the signaling networks that facilitate the progression of HCC and how they interact as possible targets for therapeutic interventions (17, 25). An unfavorable prognosis is the consequence of HCC cells’ metastatic character. Migration and metastasis of HCC cells are processes facilitated by the epithelial-to-mesenchymal transition (EMT) (26, 27). For the sake of stimulating EMT-mediated migration, sphingosine-1-phosphate receptor-1 (S1PR1) is expanded in HCC (28). Controlling tumor necrosis factor (TNF) signaling in HCC is the long non-coding RNA (lncRNA) SPRY4-IT1 (29). ADAM17 raises MMP-21 expression, which accelerates the progression of HCC (30). Matrix metalloproteinases (MMPs) also contribute to the invasiveness of HCC cells. Thymoquinone upregulates miRNA-16 and miRNA-375, which inhibit the progression of HCC malignancy (31). MicroRNAs (miRNAs) also influence HCC malignancy. In order to promote the growth of HCCs and facilitate their resistance to cisplatin chemotherapy, circular RNA (circRNA)-102272 inhibits the expression of miRNA-326 (32). SIX4 has been found to enhance migration and invasion through the upregulation of c-MET and YAP1 (33). Each experiment reveals a distinct pathway that is the cause of HCC progression. On account of this, the progression of HCC cells may be mediated by a multitude of genetic and epigenetic modifications (34, 35).

The present review will focus on the role of Nrf2 in the regulation of HCC progression. Although a number of reviews have been published, they are mainly before 2022 (1, 10, 36–38) and therefore, it is required to provide an updated review in this field, as the multiple new studies have been published. Moreover, other reviews have focused on general or specific aspects such as role of Nrf2 in liver diseases (39), different cancers (40) and the function of Nrf2 in hepatitis virus-related liver tumor (41). Therefore, in the present review, the molecular pathogenesis of HCC, Nrf2 signaling and its association with tumorigenesis will be discussed. Then, the function of Nrf2 in HCC proliferation, metastasis, therapy resistance and its regulation by therapeutic compounds are discussed specifically in the current paper.




2 Molecular pathogenesis of hepatocellular carcinoma

The development of hepatocarcinogenesis is a multi-stage process that is characterized by variations in the pattern of gene expression that are correlated with mutations in genes that are particular to the liver. These genes, which include breast cancer 1 (BRCA1), β-catenin breast cancer 2 (BRCA2), Rb, Ras, p53, and adenomatous polyposis coli (APC),are linked to the processes of cell proliferation, progression through the cell cycle, apoptosis, and metastasis (42). The activation of growth factor modulating signaling pathways, The development of HCC is aided by various signaling pathways, including those that are involved in cell differentiation (Wnt, Hedgehog, and Notch), angiogenesis (vascular endothelial growth factor), and insulin-like growth factor (IGF), epidermal growth factor (EGF), and hepatocyte growth factor (HGF) (43).

HCC development has been linked to the disruption of signaling pathways. The development of HCC is typically associated with the dysregulation of several signaling pathways, such as Wnt/β-catenin, Ras, p14ARF/P53, p16INK4A/Rb, transforming growth factor-β (TGF-β), and PTEN/Akt (44). The Wnt/β-catenin signaling system plays a role in cellular proliferation, growth, and motility. When this route is excessively activated, it contributes to the progression of malignancy in humans (45). Fifty percent of HCC cases have been found to have an overactive Ras/mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)-Akt kinase signaling process (46). Currently, TGFβ is believed to have a substantial impact on inhibiting cellular proliferation in the early stages and encouraging invasiveness during the last phases of HCC development (47). In spite of this, HCC develops when the JAK/STAT pathway is activated as a result of STAT- stimulated STAT inhibitor 1 (SSI-1) inactivation and subsequent activation of the pathway (48).

Recent study has shown that hepatic damage may also be influenced by Nrf2 target genes., inflammation, and hepatocarcinogenesis. HCV-induced liver cancer development can occur through the process of phosphorylation and movement of Nrf2 into the nucleus by PI3K, casein kinase 2, and MAPK. These enzymes control the expression of Nrf2-ARE genes by promoting the increase of Maf proteins (49). Nevertheless, cells infected with HBV can also stimulate an increase in the expression of the proteasomal subunit PSMB5, which is regulated by Nrf2, and lead to a decrease in the expression of the immunoproteasome subunit PSMB5i (50). In line with this, Nrf2 mRNA and protein expression was upregulated in CYP2E1-expressing HepG2 cells, and this upregulation in turn affected the expression of other downstream genes, including GCLC and HO-1 (51).

Cancer development may also be influenced by mutations and epigenetic modifications. One report revealed that 30–60% of hepatocellular carcinomas contain mutations in the telomerase reverse transcriptase (TERT) and the telomerase RNA component (TERC) (52). In turn, this contributes to the development of HCC; p53 mutation or downregulation consequently stimulates aggressive oncogenic pathways (53). Specific mutation accumulation at position 249 in p53’s seventh exon improves the proliferation of tumor cells and hinders cellular apoptosis. The dysregulation of p14/ARF, DNA damage inducible protein (GADD45), and growth arrest is associated with a high degree of chromosomal instability caused by epigenetic modifications (54). Particular instances of HCC are predominantly brought on by hypermethylation and hypomethylation at specific sites. DNA methylation in particular regions encompassing genes leads to hereditary disorder and the suppression of suppressor genes for tumors in HCC. DNA methyltransferases (DNMTs), GSTP1, E-Cadherin promoters, and Ras/Raf/ERK signaling gene pathways are the primary targets of HBV and HCV (55, 56).




3 Nrf2 signaling

Nuclear factor erythroid 2-related factor 2 (Nrf2) plays a vital role in protecting the body from reactive oxygen species (ROS), oxidative stress, and inflammation (57). It controls oxidative stress by affecting the activity of genes producing phase II response enzymes, including heme oxygenase-1, glutathione-s-transferase, catalase, superoxide dismutase, and NADPH quinone dehydrogenase 1 (58). The Nrf2 pathway is activated to increase and prevent stress, highlighting its crucial function in maintaining homeostasis. The Nrf2 signaling pathway is disrupted during the progression of tumor development and metastasis (59). The interactions between Nrf2 and oncogenes in tumor cells can potentially accelerate the growth of tumor cells. Recent research has demonstrated that the mammalian hepatitis B X-interacting protein (HBXIP) hinders the function of Keap1, hence promoting the activation of Nrf2 signaling. This leads to a reduction in the production of ROS in breast cancer cells. This results in heightened proliferation and spread of cancer cells (60). Nrf2 can also augment the metastatic potential of cancer cells by upregulating the expression of genes implicated in cell invasion, specifically the RhoA/ROCK pathway (61). Deubiquitinase-3 plays a crucial role in promoting resistance to chemotherapy in cancer, particularly in colon cancer cell lines. It achieves this by activating the Nrf2 pathway through inhibiting Keap1, resulting in the development of chemotherapy resistance that is dependent on Nrf2 (62). The Nrf2 pathway has been discovered to function as a defensive mechanism against the process of aging and age-related diseases (63). Protein levels of Nrf2 are regulated by three separate routes, one of which involves Keltch-like ECH-associated protein. The text refers to a protein complex called Cullin 3-ring box 1, which is related with S-phase kinase. The proteins involved are Cullin3-Rbx1/β-transducin repeat-containing protein and synoviolin/Hrd1 (64). The proteasome mechanism is linked to the degradation of Nrf2 under normal and physiological circumstances.

Oxidative stress, characterized by elevated generation of ROS, significantly contributes to the progression of various pathological conditions, such as, but not limited to, aging, cancer, diabetes, heart failure, atherosclerosis, PD, and acute renal injury (65–67). The antioxidant defense mechanism is of paramount importance in mitigating oxidative harm. However, in situations where the burden of oxidative stress surpasses its capacity, supplementary signaling pathways are activated to compensate and bolster the effectiveness of this defense mechanism. One such pathway is the Nrf2 signaling pathway, which raises the antioxidant defense system’s capacity to counteract oxidative damage. Oxidative stress plays a pivotal role in the development of Alzheimer’s disease (AD), and two significant targets in this regard are the inhibition of mitochondrial membrane potential loss and the reduction of ROS concentrations (68, 69). Consideration may be given to targeting the Nrf2/ARE signaling pathway as a potential treatment for PD. In contrast, cancer treatment involves a distinct approach to modulating the Nrf2 signaling pathway, as it targets malignant cells to induce oxidative damage that impairs their viability and migration. The eradication of the Nrf2 signaling pathway has been linked to a reduction in breast cancer cell viability and invasion (70). The regulation of apoptotic cell death is substantially influenced by the Nrf2 signaling pathway; nuclear translocation and increased transcriptional activity of ARE have been identified as factors contributing to a reduction in apoptosis (71). In contrast, the protein kinase R-like ER kinase (PERK)/Nrf2 signaling pathway upregulates endoplasmic reticulum (ER) stress and apoptosis, thereby causing injury to cardiomyocytes (72). The significance of regulating the Nrf2 signaling pathway in mitigating inflammation is further illustrated by the effect of formononetin on the intensity of inflammation in rodents that have been exposed to methotrexate (73). Furthermore, research has provided confirmation that antioxidants that are found naturally exert a regulatory influence on the Nrf2 signaling pathway. The Nrf2 signaling pathway is significantly impacted by the principal regulators of the Nrf2 pathway, including long non-coding RNAs (lncRNAs) and microRNAs (miRs). These phytochemicals exert their influence on these regulators (57, 74–76). Endogenous antioxidants have the ability to influence these mediators, hence exerting therapeutic effects. Additionally, they possess the capacity to hinder the activation of keap1, upon which the Nrf2 signaling pathway is conditioned. This leads to the regulation of the movement of Nrf2 into the nucleus, as well as the alteration of Nrf2 mRNA expression (77–80). Figure 1 provides an overview of Nrf2 signaling.
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Figure 1 | The Nrf2 signaling. The inhibition of Nrf2 is observed during physiological conditions, while the presence of oxidative damage can mediate Nrf2 signaling. In the normal condition, the Keap1 binds to Nrf2 and mediates its ubiquitination to promote its degradation by proteasome. In the oxidative damage condition, the Keap1 undergoes changes by ROS and electrophiles to improve the stability of Nrf2 for mediating its nuclear translocation binding to the genes having ARE and subsequent changes in the antioxidant defense to reduce oxidative stress. Created with BioRender.com.




4 Nrf2 in cancer progression

Nrf2 is a transcription factor with cytoprotective properties that influences cancer in both a beneficial and detrimental manner (81, 82). Nrf2 inhibits malignant transformation by protecting both healthy and malignant cells from damage caused by free radicals; nevertheless, it provides therapy resistance once cancer has established itself (83). By exerting a selective influence on the population of tumor cells, anti-cancer therapy promotes the emergence of resistance. When it comes to chemotherapy resistance, these consist of repairing drug-induced cell injury, establishing an environment that inhibits drug release, and preventing intracellular drug exposure (84). Nrf2 is an essential factor in the development of resistance to chemotherapy as it promotes drug metabolism and efflux (85).

Proliferative capacity and colossal growth distinguish cancer cells from healthy cells; this is frequently observed in the presence of Nrf2 overactivation. The antioxidant defense function, detoxification, and other attributes of reduced GSH render it essential for cellular proliferation (86). Numerous genes involved in the synthesis of NADPH, the principal cofactor in GSH synthesis, are substantially facilitated in their transcription by Nrf2 overactivation (87). The overactivation of Nrf2 in cancer cells leads to a substantial upregulation of metabolic enzymes including G6PD, TKT, and PGD. These metabolic enzymes, which are widely expressed, facilitate the metabolism of glucose and glutamine in the PPP while also enhancing the synthesis of purines and amino acids. These processes collectively contribute to the metabolic reprogramming required for cell proliferation (88). Additionally, genes implicated in the metabolism of fatty acids and other lipids are regulated by Nrf2 (89). Furthermore, Nrf2 regulates the manifestation of microRNAs miR-1 and miR-206 in order to direct carbon flux towards PPP and the tricarboxylic acid (TCA) cycle (90).

In addition to metabolic reprogramming, Nrf2 facilitates cell proliferation. Activities of target proliferation-associated genes (Bmpr1a, Igf1, Itgb2, Jag1, and Pdgfc) are intricately linked to the regulation of the cell cycle via Nrf2 (91).The induction of G2/M phase arrests in the absence of Nrf2 indicates that Nrf2 is an essential regulator of the cell cycle through its control of inhibitory cell-cycle regulators (92). The pathways in hepatocytes that activate the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) signaling cascade was reduced in mice lacking Nrf2. This finding suggests that by maintaining elevated levels of Nrf2, anabolic efficiency can be enhanced through the phosphorylation of the PPP, GSK3, and AKT, that sets up communication with the PI3K/AKT pathway (88). Managing the ATP substrate availability, promoting mitochondrial biogenesis, and removing mitochondrial damage are additional ways in which Nrf2 contributes to healthy mitochondrial maintenance (93). Epidermal growth factor receptor (EGFR) signaling pathway defects and oxidation of specific translational regulatory proteins were observed in pancreatic cancer cells in the absence of Nrf2. This finding suggests that Nrf2 is essential for the maintenance of cancer cells through its modulation of mRNA translation (94).

The overexpression of Nrf2 in several malignancies has led to its classification as a tumor gene (95, 96). Previous research has shown that CRC is associated with abnormally active Nrf2 signaling pathways (97, 98). On the other hand, Nrf2 expression of CRC in vivo has been the subject of very few investigations (96). In this respect, Lee and colleagues exhibited that the overexpression of Nrf2 accelerates the growth of colon cancer by way of the ERK and AKT signaling pathways (99). Western blotting analysis showed that Nrf2 proteins were upregulated in colorectal cancer tissues and downregulated in healthy tissues. Compared to matched normal tissues, CRC tissues exhibited higher Nrf2 expression, as revealed by IHC staining. By inhibiting cell viability and increasing cell death, short interfering RNA of Nrf2 was found to suppress SW480 cell viability. Together, these findings and the inhibition of AKT and phosphorylated extracellular signal-regulated kinase 1/2 were observed.

The various functions of Nrf2 in the progression of cancer were investigated utilizing Keap1 knockdown mice in a 2016 study. The following antioxidant genes were upregulated in mice with urethane-induced tumors of a smaller size: Glutathione reductase (Gsr), Ppargc1A,Glutathione peroxidase 2 (Gpx2), Glutathione-S-transferase a4 (Gsta4), and Catalase (Cat). Nevertheless, the tumors demonstrated a greater degree of aggressiveness when transplanted into nude rodents (100). Moreover, in cases of traditional Hodgkin lymphoma, it was discovered that, in contrast to more severe manifestations of the disease, a reduced prevalence of the condition is associated with increased Nrf2 expression (101). This means that the disease is more confined in its progression. When Nrf2 is overexpressed in glioblastoma cells, it causes an increase in the number of cells that proliferate and undergo oncogenic transformation (102).

Elevated proliferation and inhibition of apoptosis are outcomes of the Nrf2 signaling pathway in cervical cancer (103). Angiogenesis is facilitated by Nrf2 activation in breast cancer, which concurrently inhibits the expression of estrogen-related receptor α and induces upregulation of Rho and Focal adhesion kinase 1, modulator of volume-regulated anion channel current 1, and Rho-associated coiled-coil-containing protein kinase 1 are its downstream proteins. Furthermore, Nrf2 promotes enhanced protein stability by means of a direct interaction with breast cancer type 1 susceptibility protein (BRCA1). Estrogen reinstates Nrf2 activation in the absence of BRCA expression, resulting in protection of mammary gland cells and a reduction in in vitro ROS production (104). Through interacting with Nrf2 in the promoter region of this gene, we can decrease the expression of the vascular cell adhesion molecule (VCAM). Pro-oxidants 15-lipoxygenase (15-LOX) and exogenous antioxidants phospholipid hydroperoxide glutathione peroxidase (PHGPx) were effective (105).

Arrest defective 1 (ARD1) mediates cell functions like homeostasis, migration, differentiation, proliferation, and tumorigenesis (106). Elevated expression is linked to cancer, poor prognosis, and suppresses tumorigenesis by inhibiting mTOR signaling, as reported in various studies (107, 108). In this regard, Fang and colleagues demonstrated that through direct contact, ARD1 stabilizes NRF2 and promotes the growth of colon cancer (106). The study found that ARD1 knockdown in human colon cancer cell lines reduced NRF2 protein levels without affecting its mRNA expression. However, silencing NRF2 did not alter ARD1 protein expression. ARD1 overexpression increased NRF2 acetylation levels, and mutant forms of ARD1 with defective acetyltransferase activity reduced NRF2 stability.

The growth and dissemination of cancer cells are supported by Nrf2. An increased expression of Bcl-xL (B-cell lymphoma extra-large) and MMP9 (matrix metallopeptidase 9) in HCC has been found to correlate positively with the activation of the Nrf2 signaling pathway, according to research. By causing the basal membrane to be breached, the metalloproteinase MMP-9 contributes to cancer invasion. Associated with anti-apoptotic activity, Bcl-xL is a factor that inhibits cell death (apoptosis) (109). Nrf2 upregulated the expression of MMP9 in glioma cells (110). The Nrf2 signaling pathway reduced apoptosis by over activating the anti-apoptotic protein, Bcl-2. The promoter region of Bcl-2 contains an ARE region located on the reverse strands at positions −3148 and −3140 (111).

Lung mucoepidermoid carcinoma with overexpressed HMOX1 was found to be linked to reduction of Cyclin D1 (CCND1) and CCND2, two proteins involved in cell cycle progression, as well as the activation of the transcription of Cyclin-dependent kinase inhibitor 1C (CDKN1C) and cell-cycle arrest proteins Gastrin (GAS). Using small interfering RNA (siRNA), the expression of invasion promoters (MMP-9, MMP-1, and MMP-12), pro-inflammatory cytokines (IL-6, IL-1β, and TNFα), and the pro-angiogenic factor VEGFA was reduced by silencing the HO-1 gene (112). The anti-inflammatory cytokineIL-11 is associated with Nrf2 overexpression, which is a noteworthy finding in breast and lung cancer tissues. This particular interleukin belongs to the family of IL-6 and is linked to the development of epithelial malignancies, such as breast cancer and gastric, that are caused by the inflammasome (113). The Nrf2 antioxidant activity contributes to the apoptosis of regulatory T lymphocytes (T regs), which opposes the positive effects of PD-L1 anticancer therapy (114).

In addition to preventing cancer cell resistance to chemotherapy, the Nrf2 signaling pathway is vital for preserving cells and tissues against oxidative injury (115). Preventing the severe cytotoxicity that chemotherapy agents can inflict on healthy cells is a critical aspect of minimizing their adverse effects. In contrast, Nrf2 activation may also result in chemoresistance by forming a barrier against cancer cell injury (116, 117). Chemoresistance in malignancy has been linked to Nrf2 signaling, with activation of this pathway inducing resistance to chemotherapy. Chemoresistance is inversely proportional to the function of Nrf2 signaling inhibition. Suppressing the production of ROS in cancer cells, thioredoxin reductase 1 (TR1) is stimulated subsequent to activation, thereby inducing resistance to 5-fluorouracil (118). Chemoresistance is induced when tumor-promoting factors such as Progestin and AdipoQ Receptor 4 impede Nrf2 degradation and increase its stability (119). It appears that Nrf2 can promote the lineage of tumor-initiating cells, which in turn facilitates chemoresistance (120, 121). Chemoresistance can be achieved when Keap1 is proteasomally degraded by the p53 through the induction of Nrf2/ARE signaling, which promotes proliferation and inhibits apoptosis (122). Chemoresistance is induced and glutamine metabolism increases in response to Nrf2 activation; this is associated with a poor prognosis for cancer patients (123). Anti-cancer chemoresistance and growth are promoted by Nrf2 activation, whereas inhibition of its activity increases chemotherapy sensitivity (124).

There is a close relationship between Nrf2 and the immune microenvironment. The immune microenvironment refers to the cellular, cytokine, and molecular signaling factors surrounding tumors, which are crucial for regulating tumor growth, metastasis, and treatment responses (125, 126). Nrf2 plays a significant role in the immune microenvironment, influencing the interaction between immune cells and tumor cells, as well as the regulation of immune responses. Nrf2 regulates the expression of antioxidant enzymes, thereby reducing the oxidative stress levels in the immune microenvironment and alleviating oxidative damage to immune cells and tumor cells (127). Additionally, Nrf2 can also inhibit the occurrence of inflammatory reactions, thereby decreasing the levels of inflammation in the immune microenvironment. In addition, Nrf2 can influence the production of multiple cytokines, such as regulating tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and others (128, 129). These cytokines play crucial roles in the immune microenvironment, impacting the activity of immune cells and the status of the tumor microenvironment. Moreover, the status of the immune microenvironment directly influences the recognition and clearance of tumor cells by immune cells. Activation of Nrf2 may lead to immune evasion, weakening the immune cells’ ability to attack tumors and thereby promoting tumor development. In general, Nrf2 regulates various aspects of the immune microenvironment, including oxidative status, inflammation levels, and cytokine production, affecting the interaction between immune cells and tumor cells and the regulation of immune responses. In-depth research on the role of Nrf2 in the immune microenvironment contributes to understanding the mechanisms of tumor immune evasion and provides new targets and strategies for tumor therapy.

The function of Nrf2 in the regulation of tumorigenesis has been more important in the recent years. Nr2 can mediate therapy resistance in cancer, as the downregulation of Nr2 by human papillomavirus has been shown to enhance sensitivity to radiotherapy and chemotherapy (130). In order to increase the potential in tumor suppression the co-application of Nr2 and GPX4 inhibitors has been suggested to exert synergistic impact in ovarian cancer therapy (131). Notably, the induction of endoplasmic reticulum (ER) stress has been a promising strategy in reducing the tumorigenesis. However, SMURF1 increases KEAP1 degradation to induce Nrf2 axis for reducing ER stress (132) and this can be further evaluated in the treatment of cancer. The downregulation of Nr2 by brusatol has been suggested to decrease growth and metastasis of thyroid cancer (133). The similar approach has been also shown in colorectal tumor that downregulation of Nr2 by triptolide can impair the growth and metastasis (134). As another anti-cancer agent, dihydrotanshinone I can increase Nr2 degradation by Keap1 and it impairs Nr2 phosphorylation by PKC to reduce proliferation of gallbladder tumor (135). Furthermore, the upregulation of Nr2 and downregulation of KEAP1 mediate the unfavorable prognosis in breast cancer (136). The metabolism of tumor cells can be affected by Nr2 axis. Noteworthy, B7-H3 can stimulate Akt/Nr2 axis in enhancing glutathione metabolism, elevating stemness in gastric tumor (137). One of the interesting points is the regulation of cell death mechanisms by Nr2 in human cancers. Quercetin is able to bind to SLC1A5, disrupting the nuclear transfer of Nr2 for downregulating GPX4, causing ferroptosis in gastric tumor (138). In line with this, CPT1B can increase Nr2 levels through KEAP1 inhibition to improve redox homeostasis and reduce ferroptosis in pancreatic tumor, causing gemcitabine resistance (139). Isoorientin is able to downregulate SIRT6 for suppressing Nrf2/GPX4 axis, causing ferroptosis in lung tumor and overcoming chemoresistance (140). The increase in stabilization of Nr2 by DPP9 can diminish ferroptosis in accelerating sorafenib resistance in renal cancer (141). Moreover, there is interaction between Nr2 and epigenetic factors such as miR-34 and miR-29b-3p in the regulation of tumorigenesis (142, 143). Furthermore, the induction of Nr2 in the tumor-associated macrophages can induce immune resistance in cancer (144). Therefore, increasing evidences highlight the function of Nr2 in the regulation of tumorigenesis (145–150) and therefore, therapeutic targeting of Nr2 can reverse cancer progression.




5 Nrf2 activation in hepatocarcinogenesis

In the last thirty years, researchers have uncovered the Janus aspect of cellular oxidants, which possesses both beneficial and detrimental biological effects (1, 151). Maintaining their function as reaction substrates in metabolic processes and second mediators in redox-sensitive signal transduction pathways, cells are in a constant state of effort to prevent oxidative stress (151, 152). This includes autophagy, which may have multiple or dual functions in cancer metabolism. The Keap1-Nrf2 pathway serves as a vital cellular detector for electrophilic substances, stimulating adaptive gene responses to safeguard cells against ROS and oxidative stress. This system helps maintain redox homeostasis and signaling functions (153–156). The integrity of the liver is essential for optimum liver function, as it plays a critical role in protecting cells (157). Nrf2, a vital gene in the CNC-basic region leucine zipper family, is downregulated by the interaction protein Keap1, an adaptor of the Cul3-ubiquitin E3 ligase complex. This complex is responsible for the degradation of Nrf2 in cells that are not stimulated or in a resting state (158, 159).

When there are high levels of ROS/NOS/electrophiles, Nrf2 becomes stable and builds up in the cytosol because Keap1 is deactivated. It then moves into the nucleus and helps activate gene transcription by forming a complex with small Maf proteins (sMaf) and binding to specific sequences (ARE/ERE) in the genes responsible for producing proteins that balance redox, detoxify, transport drugs, regulate metabolism, and aid in β-oxidation (160, 161). Modulating the amounts of Nrf2 protein can either enhance or safeguard cells against oxidative stress-induced cell death. Nevertheless, the involvement of Nrf2 in the regulation of homeostatic response and the development of human diseases seems to be more intricate than initially anticipated. The stimulation of the Nrf2 pathway in cells and tissues has been found to have a U-shaped effect. Due to its impact on several metabolic pathways, it is challenging to determine a specific role for this transcription factor in physiological and pathological responses (154). Excessive Nrf2 activity can harm cells and tissues, resulting in situations of allostatic stress and poor cellular metabolism. These adverse consequences can contribute to the development of degenerative lesions and rapid aging of tissues, which are commonly seen in advanced chronic conditions such as diabetes, chronic kidney disease, and metastasized cancer.

Several ways have been devised to specifically enhance the beneficial benefits of Nrf2 transcriptional activity in the field of anti-aging therapy, while preventing any drawbacks that may arise from excessive stimulation. These tactics involve examining the impact of transcription on genes related to cytoprotection and detoxification, namely those regulated by Nrf2. Additionally, they explore the potential chemopreventive effects of various natural and synthetic substances, such as dietary antioxidants, plant phenolics, triterpenoids, and selenium compounds (154, 162–164). On the contrary, the expression of Nrf2-dependent genes involved in chemoprevention and cytoprotection may play a role in the development of chronic and age-related diseases, such as liver disorders and different types of human malignancies (154, 155, 165, 166). Research indicates that mutations in the Keap1/Nrf2 pathway or imbalanced regulation of this system contribute to the development of tumors in people and facilitate the advancement of cancer by continuously activating Nrf2 and altering cell metabolism (83). Reducing the expression of Nrf2 makes cancer cells more susceptible to oxidative stress and chemotherapy (167).

The presence of Nrf2 mutations can cause hepatocarcinogenesis (168, 169). As ubiquitin E3 ligase, TRIM21 has been shown to increase KEAP1 suppression by p62 in increasing Nrf2 levels to support against cell death and ROS, enhancing hepatocarcinogenesis (170). During HCC development, the nuclear transfer and localization of Nrf2, MAF and KEAP1 increase. Moreover, co-localization of Nrf2 and KEAP1 is high in the cell nuclei of HCC neoplastic nodules (171).

Nrf2 has a significant impact on the development of liver cancer, as shown in experiments on rats that have been genetically altered to study drug toxicity. A study found that animals with a genetic modification that inhibits the Nrf2 protein were more prone to liver blood vessel changes, resulting in a reduction in drug-induced liver damage (172). An alternative manifestation of Cyp2e1 protein was detected in Nrf2−/− animals, resulting in vascular alterations and reduced hepatotoxicity of acetaminophen (1). The modification of the Keap1 gene has been employed to induce chronic activation of Nrf2 and enhance the susceptibility to developing HCC in mice treated with carcinogenic chemicals. The genetic removal of this Nrf2 inhibitory protein disrupts the process that protects hepatocytes from drug-induced toxicity and impairs cell viability by interfering with the cell’s ability to eliminate protein aggregates (173). In a recent study conducted by Ngo and his colleagues, it was found that overactivation of Nrf2 is necessary for the progression of HCC produced by diethylnitrosamine (DEN) in mice. The increased activity of Nrf2 in the tumor was due to changes in its ability to bind to the natural inhibitor Keap1 (169). These investigations emphasize the intricate significance of Nrf2 activation in the development of liver cancer and identify a significant role of Keap1 in this process. The Nrf2-Keap1 pathway plays a significant role in HCC by activating genes that control several aspects of liver function. This suggests potential chances for creating ways to prevent and treat HCC using chemicals (1).




6 Nrf2 in hepatocellular carcinoma proliferation and metastasis

Respiratory oxidative stress (ROS) caused by endogenous metabolites or pollutants may cause mutations in important genes. Unusual activation of Nrf2 may result from somatic mutations that disrupt the binding between Keap1 and Nrf2 or Keap1 and Nrf2 (36). Driver mutations can promote cancer by providing a selective growth advantage. Thirty candidate driver genes were identified in 503 genomes of liver cancer (174, 175). In HCC, Nrf2 mutations occur more frequently (5.1%) than Keap1 mutations (3.2%) (176). As evidenced by the presence of Keap1 and Nrf2 mutations in the advanced stages of human liver carcinogenesis, HCC develops belatedly (177). On the contrary, Nrf2 mutations manifest themselves early on in the resistant hepatocyte model, ultimately resulting in the development of cancer (168). The majority of mutations observed in HCC-associated Nrf2 occur in the high affinity ETGE motif and the low affinity DLG motif (168, 178). On the other hand, changes to the DLG motif can stimulate Nrf2 activation. Keap1 mutations resulting in function loss result in the sustained activation of Nrf2. According to data from next-generation sequencing, 6% of HCC are the outcome of oxidative stress brought on by ROS or mutations. The nuclear translocation of Nrf2 is enhanced when Keap1 and Nrf2 are dissociated by oxidative stress; this process regulates the expression of antioxidant genes (179).

There exists a correlation between Nrf2 expression and both cellular survival and clinicopathological factors in HCC (109). The correlation between increased Nrf2 expression and tumor size, metastasis, and differentiation was observed in HCC. The invasion and proliferation of HCC cells were further confirmed by the presence of matrixmetallaproteinase-9, and Bcl-xL in addition to Nrf2 expression. Therefore, Nrf2 expression may serve as a self-referential indicator in the context of HCC. An intriguing finding was reported regarding Hepa-1 and HepG2 cells, in which Bcl-xL expression was mediated by Nrf2 via AREs located in the Bcl-xL promoter area (180). The induction of Bcl-xL expression by Nrf2 in both cell lines facilitated drug resistance and survival while inhibiting apoptosis. Evidence of 8-hydroxyguanosine (8-OHdG) damage and elevated Nrf2 expression were identified in patients with HCC (181). This elevated 8-OHdG concentration was uncovered to be linked with poor survival. Comparable observations were also detected in HepG2 cells subsequent to H2O2 exposure.

In their investigation, Xi and colleagues illustrated that Nrf2 promotes the development of HCC by means of metabolic and epigenetic regulatory networks mediated by acetyl-CoA (182). The study reveals that Nrf2 ablation in a mouse model of HCC disrupts multiple metabolic pathways, reducing acetyl-CoA generation and suppressing histone acetylation in tumors but not in normal tissue. This results in a low glucose-dependent regulatory function of Nrf2, which is demolished under energy refeeding. The findings suggest that Nrf2’s role in acetyl-CoA generation and its antioxidative stress response is crucial for HCC progression.

Moreover, chronic exposure to the non-genotoxic hepatocarcinogens piperonyl butoxide (PBO) and pentachlorophenol (PCP) induced oxidative stress in Nrf2-deficient mice (183). Oxidative stress has the potential to promote the growth and advancement of preneoplastic lesions into malignant neoplasms. This finding suggests that dysregulation of Nrf2 raises the susceptibility to carcinogenesis induced by environmentally benign carcinogens lacking genotoxicity.

In another investigation, Liu and colleagues demonstrated that by focusing on the Keap1-Nrf2 pathway, TRIM25 enhances hepatocellular carcinoma cell survival and proliferation (184). TRIM25 is induced by ER stress, promoting oxidative stress, ER-associated degradation, and reducing IRE1 signaling. Depletion leads to ER stress and tumor cell growth. TRIM25 targets Keap1, activating Nrf2, bolstering anti-oxidant defense and cell survival. High TRIM25 expression correlates with poor patient survival in HCC, and positively with Nrf2 expression.

Further, miR-200a expands HCC cell proliferation via targeting the Nrf2 pathway’s Keap1. When miR-200a mimics are transfected into HepG2 and FaO and RH HCC cells from rats, it prevents the expression of Keap1 (185). Elevated cell proliferation may be a result of Nrf2 upregulating its own target genes when miR-200a downregulates Keap1. Additionally, Yang and colleagues illustrated that in order to impede the advancement of HCC, the phytollin I induced ferroptosis by stimulating mitochondrial dysfunction via the Nrf2/HO-1/GPX4 axis (186). Based on consequences, PPI inhibited HCC cell proliferation, invasion, and metastasis by increasing reactive oxygen species, promoting Fe2+ accumulation, depleting GSH, and suppressing xCT and GPX4 expression. This induction was linked to PPI binding to Nrf2, HO-1, and GPX4 proteins, modulating the Nrf2/HO-1/GPX4 antioxidant axis. PPI also caused mitochondrial structural damage and decreased MMP. In vivo, PPI inhibited Nrf2/HO-1/GPX4 axis-induced ferroptosis, similar to sorafenib’s effects.

Hepatocyte transformation of HCC progenitor cells can occur as a consequence of cellular oxidative stress induced by the accumulation of ROS in hepatocytes exposed to chemical carcinogens (187). Protection is provided throughout this process by a brief activation of Nrf2.; conversely, an ongoing Nrf2 activation can facilitate the progression of cancer. The maintenance of Nrf2 activation By activating Nrf2 with antioxidants, carcinogenesis will be accelerated. Inhibitors of Nrf2, which have the potential to impede the advancement of chronic liver injury to hepatocellular carcinoma, thus constitute a potentially fruitful therapeutic approach.

Another study conducted by Zheng and colleagues revealed that in HCC, pseudohypoxia is caused by overactive NRF2 through the stabilization of HIF-1α (188). The study found that protein expression of NRF2 was unaffected by inhibiting HIF-1α in HepG2 human hepatoma cells. However, the nuclear accumulation of HIF-1α was decreased without any change in its mRNA expression when NRF2 was knocked down. In the case of hepatocarcinogenesis induced by diethylnitrosamine, NRF2 expression was elevated and upregulated, in contrast to mice deficient in Nrf2. NRF2 and HIF-1α were physically interacted with, and their upregulation was discovered in tumor samples taken from patients with HCC.

STC2 has been shown to function as biomarker in HCC and is upregulated in this tumor. Notably, the expression of STC2 decreases in Nrf2-deficient cells (189), highlighting the function of Nrf2 as biomarker. Nrf2 can participate in controlling the metastasis of HCC cells through induction of EMT (190). Briefly, EMT is characterized with N-cadherin and vimentin upregulation, and E-cadherin downregulation. The stimulation of EMT accelerates cancer metastasis and mediates chemoresistance (191, 192). NOP16 stimulates EMT to enhance HCC metastasis, while it knockdown induces KEAP1/Nrf2 axis in metastasis suppression (190). Moreover, the inhibition of ROS/Nrf2/Notch axis by phellodendronoside A has been suggested to accelerate apoptosis in HCC (193). One of the mechanisms in improving tumorigenesis of HCC by Nrf2 is maybe related to impairing the function of immune system. Notably, mutation of Nrf2 can downregulate STING to promote immune escape in HCC (194). In the recent years, immune evasion has been obvious in cancers and nanoparticles have been suggested in cancer immunotherapy (195). Therefore, the role of Nrf2 in immune evasion of HCC and its regulation by nanoparticles in HCC therapy should be further highlighted. Another part is also related to increase in the stemness of HCC cells. Noteworthy, fine particulate matter (PM2.5) has been suggested to induce ROS/Nrf2/Keap1 axis for triggering autophagy in enhancing HCC progression and stem cell-like features (196).

Moreover, the expression of CDKN1A in the liver is enhanced in patients with SOCS1 deficiency, who are more likely to develop HCC. Severity of disease is associated with high CDKN1A expression in several malignancies. In this regard Ilangumaran and co-workers exhibited that hepatocellular carcinoma advances in SOCS1 deficiency through SOCS3-Dependent CDKN1A induction and NRF2 activation (Figure 2) (197).
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Figure 2 | The upregulation of Nrf2 can occur upon the loss of SOCS1. (A, B) Induction of the Nfe2l2 gene (A) and NRF2 protein (B) in the liver tissues of mice lacking SOCS1, SOCS3, or both in hepatocytes 48 hours after DEN treatment. Cumulative data from 3–8 mice per group are shown in (A). For (B), representative data from more than two experiments are shown. (C) Induction of NRF2 target genes in mice lacking SOCS1, SOCS3, or both in hepatocytes 48 hours after DEN treatment (n = 3–8 mice per group). (D) Expression of Cdkn1a, Nfe2l2, and NRF2 target genes in microscopically dissected DEN-induced HCC tumor nodules resected from the indicated genotypes of mice (n = 5–8 mice per group). (E) DEN-induced Nfe2l2 and NRF2 target gene expression in SOCS1-deficient mice lacking CDKN1A. Gene expression data for Socs1^fl/fl and Socs1^fl/flAlb-Cre are duplicated from (A, C) for comparison. (F) Immunoblot analysis of NRF2, p21, and actin in the livers of DEN-treated mice of the indicated genotypes (n > 3). (G) 4-HNE staining for lipid peroxidation in DEN-treated mice livers (40× magnification). Representative images from more than 3–4 mice per group are shown. (H) Quantification of 4-HNE staining from 3–4 mice per group. Reprinted from MDPI (197). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. n.s, Not significant.

The study shows liver cells lacking SOCS1 increase SOCS3 expression, which in turn promotes p53 activation and Cdkn1a induction. This causes SOCS1-deficient livers to experience an increase in the induction of NRF2 and its target genes after DEN therapy. The growth of DEN-induced hepatocarcinogenesis is reduced in SOCS1-deficient animals when they lose SOCS3, but tumor incidence is unaffected. Patients with HCC who do not have enough SOCS1 but have high levels of SOCS3 may benefit from targeting the NRF2 pathway. Kudo and collaborators revealed that the progression of liver cancer is accelerated by autophagy, oxidative phosphorylation, and NRF2 when PKCλ/ι is lost (198). The study found that oxidative phosphorylation and autophagy are caused by the inactivation of protein kinase C (PKC) λ/ζ in hepatocytes., cause reactive oxygen species (ROS) production and, via both cell-autonomous and non-autonomous pathways, propel hepatocellular carcinoma (HCC). Levels of PKCλ/ι have been found to have a negative correlation with the histological tumor grade of HCC, confirming its role as a tumor suppressor in liver cancer. Figure 3 shows the function of Nrf2 in the progression of HCC.
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Figure 3 | Nrf2 function in hepatocellular carcinoma progression. The presence of mutations in DLG motif and Keap1 can induce Nrf2 that through acetyl-CoA, it can mediate metabolic and epigenetic alterations to enhance cancer progression. Moreover, miR-200c downregulates Keap1 to upregulate Nrf2 in tumorigenesis. Phytollin I stimulates ferroptosis through suppression of Nrf2/HO-1/GPX4 axis. The upregulation of HIF by Nrf2 can accelerate carcinogenesis. Created with BioRender.com.




7 Nrf2 in hepatocellular carcinoma drug resistance and its modulation by therapeutic compounds

Resistance to chemotherapy is a common risk in the treatment of HCC. Chemoresizable HCC cells may be sensitized by phytochemicals and molecules. Apigenin (4′,5,7-trihydroxyflavone) is an inherent bioflavonoid with demonstrated efficacy in combating a wide range of malignancies. Apigenin was found to increase the delicate nature of doxorubicin-resistant HCC (BEL-7402/ADM) at concentrations that were noninvasive (23). The amount of adriamycin (ADM) within the cells was elevated in BEL-7402/ADM cells, apigenin induced an increase in cytotoxicity. By activating Nrf2, the PI3K/Akt pathway confers chemoresistance to cancer cells. Apigenin functions as a potent adjuvant sensitizer in conjunction with ADM by impeding the PI3K/Akt and its subsequent Nrf2 pathways. Consequently, this induces ADM sensitization in the BEL-7402/ADM cells. Chrysin (5,7-dihydroxyflavone), an additional naturally occurring flavonoid, induces doxorubicin sensitivity in ADM-resistant BEL-7402/ADM cells by inhibiting the PI3K-Akt and ERK pathways (199). By ultimately preventing these pathways, Nrf2 expression is suppressed and medication-resistant characteristic in BEL-7402/ADM cells.

Moreover, Elkateb and colleagues demonstrated that Camptothecin enhances the sensitivity of Hepatocellular carcinoma cells undergo sorafenib-induced ferroptosis through the suppression of Nrf2 (200). The study found that sorafenib and CPT have a strong synergy, enhancing lipid peroxidation and iron levels while reducing total antioxidant capacity and enzyme activity. It also decreases the expression of Nrf2 and SLC7A11, which is crucial for decreasing HCC cell resistance to sorafenib. Inhibiting Nrf2 with CPT enhances sorafenib sensitivity and resistance by promoting the ferroptosis mechanism of action, thereby decreasing resistance.

Furthermore, the main medicine licensed by the food and medication delivery system for epilepsy is valproic acid (VPA), a short-chain branching fatty acid and an inhibitor of histone deacetylase (201, 202). The proton beam caused apoptosis in Hep3B cells due to the ROS and DNA damage received by VPA. When combined with proton beam irradiation, VPA produces a synergistic effect (203). Hep3B cells and xenograft models of Hep3B tumors both exhibited downregulated Nrf2 expression. By focusing on the Nrf2 signaling pathway, VPA serves as a radiosensitizer in HCC. Researchers found that phytochemicals and other compounds may be able to sensitize chemoresistant HCC by inhibiting Nrf2. The sensitivity of HCC cells to ferroptosis can be enhanced through regulation of Nrf2. Camptothecin downregulates Nrf2 top enhance sorafenib-mediated ferroptosis in HCC therapy (200).

Furthermore, the expression of miR-141 confers HCC with resistance against 5-fluorouracil (5-FU). 5-FU triggers apoptosis in cancer cells by reducing the levels of antioxidants, making it an effective chemotherapeutic agent for treating many types of malignancies (204). The resistance is caused by an upregulation of miR-141 expression. It was found that HuH7/5-FU cells, SMMC-7721/5-FU, and HepG2/5-FU had greater expression of miR-141 compared to their original counterparts (205). miR-141 suppressed the process of programmed cell death caused by 5-FU in HCC. miR-141 specifically binds to the 3′-UTR of Keap1 mRNA, resulting in a reduction in the amounts of both Keap1 mRNA and protein. MiR-141 downregulates Keap1 expression, leading to the activation of the Nrf2 pathway, which ultimately results in HCC being resistant to 5-FU. In addition, Zhou and colleagues represented that miR-144 targets the Nrf2-dependent antioxidant system, which hepatocellular carcinoma cell lines use to regain chemoresistance (21). The study discovered that miR-144 was markedly down-regulated in Bel-7402/5-FU cells when compared to parental Bel-7402 cells, and it was also dramatically lowered in HCC cell lines. Enhanced cytotoxicity and cell death in 5-FU-induced cells were associated with this Nrf2 down-regulation. MiR-144 lowered Nrf2 levels, hindered the transcription of the Nrf2-dependent HO-1 gene, and accelerated nuclear factor erythroid-2-related factor-2 mRNA degradation, all of which contributed to 5-FU sensibilization. Re-expressing Nrf2 reduced the chemosensibilization effect of miR-144 to a lesser extent.

In addition, many fruits and herbs contain (UA, the triterpenoid is a lipophilic pentacyclic compound that gives apples and other fruits a smooth waxy appearance (206). With regard to HepG2/DDP cells that have developed resistance to cisplatin, UA reversed the resistance to cisplatin (22). One main way UA works is by blocking Nrf2 signaling. Therefore, UA can be used to treat cisplatin-resistant chemoresistant HCC by acting as a natural adjuvant sensitizer. Besides, Nrf2 plays a crucial role in regulating glucose metabolism, This is crucial for the development of tumors (207). It is activated by a redox-dependent mechanism that inhibits miR-1 and miR-206 expression. In addition, epigenetic processes like acetylation and DNA methylation control their expression. In tumors, persistent Nrf2 activation inhibits HDAC4 activation, attenuating the expression of miR-1 and miR-206. This attenuation targets the pentose phosphate pathway genes, regulating glucose metabolism and ultimately leading to tumor growth progression (90, 208). Moreover, the multi-kinase inhibitor sorafenib, better known by its brand name Nexavar, is an effective anti-cancer medication, especially in cases of advanced HCC (209). Sorafenib stops the invasion and proliferation of cells. One major issue with HCC is the development of chemoresistance to 5-FU. As a result of suppressing Nrf2, sorafenib reduces 5-FU resistance in BEL-7402/5-FU cells (210). This proposes that sorafenib may have potential as a Nrf2 inhibitor for HCC.

A significant component of herbal tea, 2′,4′-Dihydroxy-6′-methoxy-3′,5′-dimethylchalcone (DMC) is a chalcone chemical discovered in the buds of Cleistocalyx operculatus (211). DMC has been shown to have hepatoprotective effects in mice (212), and anti-tumor activity in SMMC7721 HCC cells (213). In BEL-7402/5-FU cells, by decreasing intracellular GST activity and GSH concentration, DMC was discovered to block medication efflux (214). Furthermore, DMC acts as a Nrf2 inhibitor, suppressing the expression of Nrf2 and subsequently downregulating the expression of glutamate-cysteine ligase catalytic subunit (GCLC) and glutamate-cysteine ligase modifier subunit (GCLM).

This pigment is a natural anthocyanidin that is polyphenolic., pelargonidin can be found in high concentrations in radishes and berries (215). A decrease in citrinin-induced cytotoxicity in HepG2 cells was seen after pre-treatment with pelargonidin chloride (PC). Through the activation of the Keap1-Nrf2 pathway, PC was found to increase the number of detoxification enzymes as well as their activity, as revealed by mechanistic insights. Moreover, the compound known as rebaudioside (13-[(2-O-β-d-glucopyranosyl-3-O-β-d-glucopyranosyl-β-d-gluco pyra nosyl) hydroxide])The steviol diterpene glycosidic component known as kaur-16-en-18-oic acid β-d-glucopyranosyl ester is extracted from the leaves of Stevia rebaudiana Bertoni (216). Rebaudioside, often known as Reb A, is a natural sweetener that has a sweetness that is between 250 and 450 times higher than that of sucrose. It is utilized as a sugar substitute that does not include calories in a number of nations (217). In a recent review, number of toxicological and pharmacological findings of Reb A were examined (218). Reb A was found to exhibit antioxidant action in HepG2 cells, where it was able to mitigate the oxidative damage caused by carbon tetrachloride (CCl4) (219). The activation of Nrf2 that was induced by Reb A was observed in HepG2 cells that had been treated with CCl4. HO-1 and NQO1 expression, followed by Nrf2 activation were responsible for the recovery of oxidative damage. It was through the increase of JNK, ERK, MAPK, and PKCϵ signaling that this boost of Nrf2 activation took place.

Crotonaldehyde, an exceptionally reactive α, β-unsaturated aldehyde, is a prevalent component in cigarette smoke, as well as in meat, vegetables, bread, cheese, and fruits (220). Crotonaldehyde induced HO-1 expression in HepG2 cells via the translocation and activation of Nrf2 into the nucleus (221). The Nrf2 pathway was finally instigated through the p38 mitogen-activated protein kinase pathway and protein kinase C induced by crotonaldehyde. As the principal participant in the crotonaldehyde-induced survival pathway of HepG2 cells to resist apoptosis, HO-1 may represent a therapeutic target in crotonaldehyde-induced resistance to tumors. The lignan tigloylgomisin H (TGH) is extracted from Schisandra chinensis fruit. is an additional botanical product that has been illustrated to have the capability of activating and translocating Nrf2 into the nucleus (222). In Hepa1c1c7 and BPrc1 cell lines, TGH triggered a phase II detoxifying enzyme, NQO1. Thus, TGH may function as a prospective preventive agent against HCC.

The fruit of the Punica granatum pomegranate is considered a superfruit due to its substantial content of polyphenolic compounds and powerful antioxidant attributes (223). In rodents, The antioxidant effects of pomegranate juice were found to be systemic (224). Pomegranate emulsion (PE) inhibits DENA-induced rodent hepatocarcinogenesis, which mimics human HCC (225). By means of Nrf2 activation, In rats that were treated with DENA, the PE’s active components caused the activation of enzymes that detoxify carcinogens and antioxidants in the liver. Protein and lipid oxidation is slowed down by PE. Hence, the presence of active constituents in the PE may serve as preventative agents against cancer. Camptotheca acuminata is known to yield camptothecin, a planar pentacyclic quinolone alkaloid with antitumor properties (226). Camptothecin functions as a DNA topoisomerase I poison by forming a stable complex to DNA topoisomerase type I. This complex inhibits cellular proliferation by impeding the DNA replication reactions of cleavage and relegation. Camptothecin has been recognized serving as an effective inhibitor of the Nrf2 gene in recent years. Camptothecin inhibited the expression of Nrf2 in xenograft models and advanced liver cancer cells (HepG2 and SMMC-7221) additionally, it sensitized the cells to a range of chemotherapeutic agents (227). Combinatorial therapy may be expanded in malignancies with elevated Nrf2 expression by camptothecin. All of these phytochemicals and additional molecules have the ability to modulate Nrf2 activation in HCC by targeting distinct molecules. Figure 4 shows the function of Nrf2 in cancer drug resistance and its regulation by therapeutic compounds. Table 1 summarizes the role of Nrf2 in the regulation of HCC progression.

[image: Diagram illustrating the role of Nrf2 in drug resistance and sensitivity involving ROS, DNA damage, sorafenib, camptothecin, and miR-141. Interaction pathways include sorafenib-mediated ferroptosis, Keap1-Nrf2 regulation, and PI3K/Akt involvement. Nrf2 influences 5-fluorouracil resistance, drug sensitivity, and antioxidant protein expression in the nucleus.]
Figure 4 | The role of Nrf2 in drug resistance and its regulation by therapeutic compounds. Sorafenib downregulates Nrf2 to overcome 5-flourouracil resistance. Moreover, camptothecin downregulates Nrf2 to increase drug sensitivity. Chrysin suppresses PI3K/Akt axis to suppress Nrf2. Created with BioRender.com.

Table 1 | Evaluating the function of Nrf2 in the regulation of HCC progression.


[image: A detailed table with three columns labeled "Molecular pathway," "Remark," and "Reference." It lists various pathways related to cancer progression, apoptosis, ferroptosis, drug resistance, and metastasis, mentioning specific agents like Astragaloside IV, FNDC5, Chlorogenic Acid, and Camptothecin. Each entry is followed by a numerical reference, indicating source citations.]



8 Nrf2 in immune evasion: implications for hepatocellular carcinoma

Extensive research has shown that activating Nrf2 in lung adenocarcinoma weakens the immune system’s response to tumors and decreases chemotherapy effectiveness (250). Patients with LOF mutations in Keap1 or activating mutations in Nrf2 typically have worse outcomes when undergoing therapy with checkpoint inhibitors (251, 252). Similar patterns have been observed in a broad range of cancers, according to comprehensive cancer studies (253, 254). Notably, mutations in Keap1 are linked to a higher tumor mutational burden and elevated PD-L1 levels, which are often associated with better outcomes following checkpoint inhibitor treatments (255). The mechanisms of resistance linked to these genetic alterations are not well understood, with limited research focusing on the immune environments of Keap1-mutant tumors. Initial studies by Kadara and others (256) suggest that tumors with Keap1 mutations show increased numbers of CD57+ and granzyme B+ cells around the tumor, indicating enhanced NK cell presence. In experiments with a Keap1flox/flox; Ptenflox/flox (K1P) mouse model, Best and associates (257) observed a decrease in NK, B, and T cells in the lungs of mice with tumors compared to healthy controls, alongside a reduction in the growth of CD11c+ immune populations. Nrf2 also impacts how specific immune cells function. Kobayashi and team (258) found that Nrf2 suppresses the production of Il6 and Il1β in M1 macrophages triggered by LPS. Similarly, Thimmulappa and team (259) discovered that peritoneal neutrophils deficient in Nrf2 produce lower levels of IL6 and TNFα in response to LPS. Additionally, Nrf2 affects cytokine production within tumors. It has been shown to facilitate IL33 release, a cytokine implicated in promoting tumor progression by encouraging protumor macrophage buildup in skin squamous cell carcinoma (260). Regarding Il11, research by Nishina and colleagues (261) demonstrated that Nrf2 activation in a mouse colorectal cell line increases Il11 transcription. Kitamura and team (113) linked higher IL11 protein levels with Nrf2 expression in human breast cancer and found that Keap1-null MEFs in three-dimensional culture elevate Il11, which crucially impacts tumor engraftment and is reduced by Il11 knockout. These findings highlight Nrf2’s significant role in controlling cytokine levels, which can profoundly affect cancer development. Nrf2’s role in immune evasion in HCC primarily hinges on its capacity to modulate the tumor microenvironment in ways that inhibit effective immune surveillance and response. Through its regulation of antioxidative stress responses, Nrf2 enhances the survival and proliferation of HCC cells under oxidative stress, a common feature of tumor environments. This not only helps tumor cells cope with the hostile conditions but also makes them less susceptible to immune-mediated destruction. Moreover, Nrf2 drives the expression of various cytoprotective genes that produce enzymes and proteins to detoxify potential immune mediators such as reactive oxygen species (ROS), which are utilized by immune cells as part of their tumor-killing function. The result is a reduced efficacy of immune cells like natural killer (NK) cells and cytotoxic T lymphocytes, which rely on inducing oxidative stress in tumor cells to promote apoptosis. In addition to direct protection against immune cell functions, Nrf2 also influences the recruitment and function of immunosuppressive cells within the tumor microenvironment. It upregulates factors that attract regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs), both known for their roles in immune suppression and their ability to promote tumor growth. Nrf2’s activation increases the levels of immunosuppressive cytokines such as IL-10 and TGF-β, further promoting an environment conducive to tumor progression and resistance to immune checkpoint blockade therapies. This modulation of the cytokine milieu not only hampers the cytotoxic activity of immune effector cells but also enhances the expression of checkpoint molecules like PD-L1 on tumor cells, strengthening their ability to evade immune surveillance. Through these pathways, Nrf2 contributes to a fortified barrier against immune system attacks, enabling HCC cells to thrive and expand unchallenged by the body’s natural defenses.




9 Nrf2 signaling in combination cancer therapy: perspectives on hepatocellular carcinoma

Regarding the aggressive behavior of HCC cells, various studies have focused on the introduction of multiple strategies in HCC therapy. Radiotherapy has been used significantly for the treatment of HCC. However, different studies have shown the radioresistance in HCC. UBET2 and its interaction with H2AX can increase CHK1 levels to mediate radioresistance in HCC (262). Moreover, increase in DNA repair mediated by TKT/PARP1 axis can mediate radioresistance in HCC (263). The c-Myc (264), RNF6 (265) and NEAT1 (266, 267) are other factors capable of regulating radioresistance in HCC. On the other hand, the increasing evidences have shown the capacity of Nrf2 in the induction of radioresistance in human cancers (268–270). Regarding this, it is suggested that future studies focus on the application of Nrf2 inhibitors along with radiotherapy to exert synergistic impact in HCC therapy and promote radiosensitivity. On the other hand, chemoresistance also commonly occurs in HCC (271–273). The upregulation of lncRNA SNHG16 in HCC can impair the growth and drug resistance through sponging miR-93 (274). Moreover, CMTM6 reduces the p21 ubiquitination to disrupt the proliferation and overcome chemoresistance in HCC (275). The studies have demonstrated the potential of Nrf2 in the regulation of chemoresistance discussed in previous section and therefore, the application of Nrf2 inhibitors along with chemotherapy agents can improve the efficacy in HCC elimination. Immunotherapy is another therapeutic strategy for HCC that has been compromised by the emergence of immune evasion. HERC2-mediated STAT3 upregulation (276), PRDM1/BLIMP1 (277), DGKG (278) and circulating tumor cells (279) are among the major factors contributing to the immune evasion. The mitochondrial TSPO reduces ferroptosis and enhances immune evasion in HCC through enhancing Nrf2 levels (280). According to this, the co-application of Nrf2 inhibitors and immunotherapy can impair immune evasion and promote immune reactions.




10 Dual function of Nrf2: perspectives in hepatocellular carcinoma therapy

Nrf2 is a transcription factor that plays a pivotal role in cellular defense against oxidative stress and toxin-induced damage by regulating the expression of antioxidant proteins that protect against oxidative damage triggered by injury and inflammation. In the context of HCC, Nrf2’s role is complex, exhibiting both anti-cancer and pro-carcinogenic activities, which hinge on the balance of cellular contexts and disease stages. In its anti-cancer role, Nrf2 contributes to hepatocyte protection by enhancing the cellular antioxidant capacity. Under normal physiological conditions, Nrf2 is kept in the cytoplasm by Kelch-like ECH-associated protein 1 (Keap1) and targeted for ubiquitination and proteasomal degradation. However, in response to oxidative stress, Nrf2 dissociates from Keap1, translocates to the nucleus, and binds to antioxidant response elements (ARE) in the DNA. This binding induces the transcription of various detoxifying and antioxidant enzymes, such as glutathione S-transferase, heme oxygenase-1, and NAD(P)H quinone oxidoreductase 1. By elevating the levels of these molecules, Nrf2 helps mitigate the effects of oxidative stress and decreases the risk of mutations and other oncogenic processes, thus providing a protective mechanism against the initiation of cancer, including HCC. Conversely, the carcinogenic role of Nrf2 in HCC is linked to its ability to promote cancer cell survival under oxidative stress conditions, which are common in tumor microenvironments. When Nrf2 activity becomes constitutively upregulated, often through mutations in the Keap1 gene or through the gain-of-function mutations within Nrf2 itself, it can lead to an abnormal accumulation of Nrf2 in the nucleus. This results in the persistent activation of target genes that not only protect against oxidative stress but also promote cell proliferation and tumor progression. The sustained high levels of antioxidants and detoxifying enzymes can provide cancer cells with a growth advantage and resistance to chemotherapeutic agents, ultimately supporting tumor growth and contributing to poor prognosis in HCC patients. Furthermore, the interplay between Nrf2 and other molecular pathways exacerbates its carcinogenic potential. Studies have shown that Nrf2 can interact with pathways that regulate cell proliferation and apoptosis, such as the PI3K/Akt pathway, thereby enhancing cancer cell growth and survival. Nrf2’s upregulation has been associated with increased expression of anti-apoptotic proteins and downregulation of pro-apoptotic proteins, tilting the balance towards cell survival. Moreover, Nrf2 can induce the expression of metabolic enzymes and transporters that contribute to the efflux and decreased effectiveness of chemotherapeutic drugs, fostering chemoresistance in HCC cells. This aspect of Nrf2’s function is particularly detrimental, as it not only facilitates tumor progression by protecting malignant cells from oxidative damage but also enables these cells to evade the cytotoxic effects of treatment, posing significant challenges for the management of HCC.




11 Conclusion

Inhibitors of Nrf2 in conjunction with standard anti-neoplastic treatments may represent a viable strategy for combating HCC. Nrf2 facilitates the development and formation of multidrug resistance (MDR) mechanisms in cancer cells, such as MRP family members, detoxifying enzymes, anti-oxidative stress genes, and enhanced anti-apoptosis capabilities. The complexity of target genes and regulation mechanisms, the lack of fully illuminated cross-talk between the Nrf2/ARE signaling pathway and other signal conduction pathways, and the inadequately understood roles of Nrf2 and Keap1 in vivo are a few of the obstacles that must be surmounted. Furthermore, there is an absence of documentation regarding the utilization of Nrf2 inhibitors as adjuvant sensitizers in clinical trials. HCC is primarily characterized by increased expression of Nrf2, which is the key factor in HCC. Vascularization, drug resistance, and cellular proliferation are all outcomes of aberrant Nrf2 signaling. By modulating Nrf2 expression, natural phytochemicals can reverse chemotherapeutic resistance in HCCs and induce anticancer effects. Therapeutic opportunities against HCC may be created by targeting miRs with miRs. As prospective treatments for HCC, cancer pharmacologists are actively engaged in the identification of potent and safe Nrf2 inhibitors. Additionally, We need more studies and molecular profiling to understand how Keap1 and Nrf2 regulate epigenetics in HCC.

The dual function of Nrf2 between HCC and normal liver tissues has provided a challenge for the development of therapeutics affecting Nrf2 in HCC, while maintaining its protective function in liver tissue. In respect to this, a number of factors should be considered during the development of Nrf2 inhibitors. It is essential to understand the differential pathways and context-specific activation of Nrf2. The induction of Nrf2 in the liver tissues is mainly based on oxidative damage to increase antioxidant defense system. However, Nrf2 mutation or KEAP1 downregulation in HCC can enhance the tumorigenesis and drug resistance along with immune evasion. Therefore, the specific Nrf2 inhibitors should be developed based on preserving the protective function of Nrf2 in the liver tissues, while minimizing its impact in HCC cells. Moreover, there should be some comprehensive studies evaluating the specific structural differences and molecular alterations of Nrf2 in the liver tissue and HCC. The application of high-throughput screening of the small molecules and computational drug design can be beneficial in the selective targeting of Nrf2 mutant or disrupting the Nrf2 and KEAP1 complex in HCC. The combination therapy is also suggested in this case that Nrf2 and other pathways responsible for HCC survival are targeted not in normal hepatocytes. In this case, the Nrf2 inhibitors can be used along with factors affecting HCC survival to finally improve the selectivity and therapeutic index in HCC elimination. In order to provide a milestone in the regulation of Nrf2, it is suggested to utilize RNAi and CRISPR technologies to specifically target Nrf2 mutants in HCC therapy lacking impact on normal hepatocytes. An approach that has been ignored is the application of nanoparticles. In the recent years, nanoparticles have been considered as potent regulators of Nrf2 in disease therapy (281–284). Therefore, an idea can be the development of stimuli-responsive nanoparticles capable of releasing Nrf2 inhibitors in response to changes in the tumor microenvironment to provide specific delivery to HCC cells not hepatocytes.

Nrf2 plays a critical role in developing chemoresistance in HCC. It enhances the expression of genes that help detoxify harmful substances and expel drugs from the cells, thus reducing their efficacy. The activation of the Nrf2/ARE pathway increases the expression of antioxidant proteins that protect cancer cells from the oxidative stress induced by chemotherapy, thereby promoting survival and proliferation. Nrf2 impacts several key signaling pathways associated with cell survival, proliferation, and metastasis. It interacts with pathways like PI3K/Akt, which are crucial for cell survival and growth. By modulating these pathways, Nrf2 helps in maintaining a pro-survival environment in HCC cells. Moreover, Nrf2’s interaction with other molecules such as Keap1 also modulates its activity and stability, further influencing cancer progression and resistance mechanisms. The sustained activation of Nrf2 not only protects cells from oxidative damage but also promotes oncogenic activities by supporting rapid cell growth and inhibiting apoptosis. This dual role of Nrf2, especially its ability to enhance the survival of transformed cells in the hypoxic and oxidative stress-rich environment of tumors, contributes to the aggressiveness of HCC. Nrf2 also plays a role in immune evasion by modulating the immune microenvironment of HCC. It affects the expression of cytokines and other mediators that can alter immune surveillance, thus facilitating tumor growth and progression by dampening the immune response.

The clinical applications of targeting Nrf2 in HCC involve exploring its dual roles in cancer cell metabolism, oxidative stress response, and drug resistance. Nrf2 helps cells cope with oxidative stress by upregulating AREs, which can be beneficial in normal cells but problematic in cancer cells where it promotes survival and growth. Inhibiting Nrf2 in HCC could reduce the cancer cells’ ability to resist oxidative stress induced by cellular metabolism or therapeutic interventions. Nrf2 contributes to chemoresistance in HCC by enhancing the expression of detoxifying enzymes and drug efflux pumps. Inhibitors of Nrf2 or disruption of its signaling pathway could potentially enhance the efficacy of chemotherapeutics by making cancer cells more susceptible to oxidative damage and apoptosis. Given its role in antioxidant defense and drug resistance, Nrf2 could serve as a biomarker for predicting the aggressiveness of HCC or the likelihood of response to certain therapies, particularly those inducing oxidative stress in cancer cells. Nrf2’s function as both a protector against oxidative damage in normal cells and a promoter of survival in cancer cells complicates its targeting. Complete inhibition could lead to unwanted toxicity and exacerbation of liver damage in normal or non-tumor liver tissue. Cancer cells might develop compensatory mechanisms that bypass Nrf2 inhibition, such as activating alternative pathways for detoxification and survival, thereby reducing the effectiveness of Nrf2-targeted therapies. Genetic variations in Nrf2 or its regulatory proteins (like Keap1) among patients might lead to different responses to Nrf2-targeted treatments, necessitating personalized approaches in therapy and dosing. Developing selective Nrf2 inhibitors that target only its cancer-promoting activities while preserving its normal cellular protective functions. This could involve targeting specific domains of Nrf2 or its interaction with other proteins like Keap1. Combining Nrf2 inhibitors with other treatments such as chemotherapy, targeted therapy, or immunotherapy to enhance overall treatment efficacy and possibly prevent the development of resistance. Utilizing nanoparticle-based delivery systems to target Nrf2 inhibitors specifically to tumor cells, minimizing systemic exposure and potential side effects. Further research into the genetic and epigenetic regulation of Nrf2 in HCC could unveil new therapeutic targets within the Nrf2 signaling pathway and help in the development of more effective, personalized treatment strategies.
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Ferroptosis is a type of cell death that plays a remarkable role in the growth and advancement of malignancies including hepatocellular carcinoma (HCC). Non-coding RNAs (ncRNAs) have a considerable impact on HCC by functioning as either oncogenes or suppressors. Recent research has demonstrated that non-coding RNAs (ncRNAs) have the ability to control ferroptosis in HCC cells, hence impacting the advancement of tumors and the resistance of these cells to drugs. Autophagy is a mechanism that is conserved throughout evolution and plays a role in maintaining balance in the body under normal settings. Nevertheless, the occurrence of dysregulation of autophagy is evident in the progression of various human disorders, specifically cancer. Autophagy plays dual roles in cancer, potentially influencing both cell survival and cell death. HCC is a prevalent kind of liver cancer, and genetic mutations and changes in molecular pathways might worsen its advancement. The role of autophagy in HCC is a subject of debate, as it has the capacity to both repress and promote tumor growth. Autophagy activation can impact apoptosis, control proliferation and glucose metabolism, and facilitate tumor spread through EMT. Inhibiting autophagy can hinder the growth and spread of HCC and enhance the ability of tumor cells to respond to treatment. Autophagy in HCC is regulated by several signaling pathways, such as STAT3, Wnt, miRNAs, lncRNAs, and circRNAs. Utilizing anticancer drugs to target autophagy may have advantageous implications for the efficacy of cancer treatment.
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Highlights

	The paper highlights the critical involvement of ferroptosis, a form of regulated cell death driven by iron-dependent lipid peroxidation, and autophagy, a cellular degradation and recycling process, in the progression and therapeutic response of HCC.

	It outlines the significant impact of non-coding RNAs in modulating both ferroptosis and autophagy within HCC cells, acting either as oncogenes or suppressors, thus affecting tumor growth, metastasis, and drug resistance.

	The document elaborates on the molecular pathways and mechanisms, such as the PI3K/AKT/mTOR signaling pathway, through which autophagy and ferroptosis influence HCC development, including their roles in proliferation, metastasis, energy metabolism, and chemotherapy resistance.

	The paper discusses the therapeutic potential of targeting autophagy and ferroptosis in HCC, highlighting specific compounds and strategies that induce or inhibit these processes to suppress tumor growth and overcome drug resistance, including the use of traditional Chinese Medicine and novel targeted drugs.

	It calls for further research into the detailed signal transduction pathways and key transcriptional regulators of ferroptosis and autophagy in HCC, aiming to develop targeted therapeutic strategies to enhance treatment efficacy and overcome resistance.







Questions

	How do non-coding RNAs regulate ferroptosis and autophagy in hepatocellular carcinoma?

	What are the dual roles of autophagy in hepatocellular carcinoma, and how do they affect tumor growth and treatment response?

	Which molecular pathways are involved in regulating autophagy and ferroptosis in HCC, and how do they influence cancer progression and drug resistance?

	What therapeutic strategies are being explored to target autophagy and ferroptosis in HCC, and what potential do they hold for improving treatment outcomes?

	What future research directions are suggested for understanding the complex roles of ferroptosis and autophagy in HCC, and how could this knowledge contribute to the development of novel therapeutic targets and strategies?






1 Introduction

On a global scale, primary liver cancer ranks second in terms of mortality and seventh in terms of cancer incidence (1–3). The continents of Asia and Africa illustrate the most elevated prevalence level of liver cancer (4). Mongolia has the greatest incidence rate of primary liver cancer, with 93.7 cases per 100,000 people. China has the biggest number of patients due to its noticeable incidence level of 18.3 cases per 100,000 people and its population of 1.4 billion individuals. Hepatocellular carcinoma (HCC) is the most common type of liver cancer, representing up to 75% of all cases (4). The incidence rate of HCC has been decreasing in many regions with formerly high rates, while the opposite trend has been documented in areas with low incidence rates (5). From 1978 to 2012, the occurrence rate of HCC declined in certain regions including Italy and Asian countries, while it rose in the United States, India, Oceania, and several European countries (5). Nevertheless, there has been a decline in the number of HCC cases in the United States in recent years (6, 7). Age, gender, and race are determinants that impact the probability of getting HCC. HCC represents a direct correlation with age, namely up to 75 years (4). Men have an incidence rate of HCC that is two to four times higher than women (4). HCC is ranked as the sixth most prevalent malignancy globally, with over 500,000 new cases detected each year. This high incidence contributes to a significant mortality rate, making HCC the third leading cause of death among all types of cancers (8). The estimated incidence rate of HCC is 3.6-10.5 cases per 100,000 people, with a potential increase to 16 cases per 100,000 worldwide (9, 10). The prognosis for patients with HCC is generally poor, with about 5% of individuals surviving beyond 5 years following diagnosis. This pertains to the delayed detection of HCC patients, with only a mere 15% of individuals meeting the criteria for liver transplantation and surgical intervention. Half of them undergo non-surgical therapy, whereas 35% or more obtain the optimal treatment during diagnosis (10). HCC can be caused by a range of risk factors, such as alcohol intake, hepatitis virus infection, cirrhosis, and nonalcoholic fatty liver disease (11).

Molecular-level interaction among a number of pathways and mechanisms governs the progression of HCC. Met phosphorylates Fis1, which facilitates phosphorylation of Fis1 and stimulates HCC migration and fission (12). YAP expression can be increased by CD44, which speeds up the progression of HCC (13). The progression of HCC appears to be significantly influenced by adiposity. Insulinemia, steatosis, and the concentration of inflammatory cytokines are all diminished as PI3Kγ ablation inhibits HCC proliferation (14). In order to facilitate tumor metastasis, ZRANB1, in its capacity as a deubiquitinate, promotes LOXL2 expression, thereby contributing to the progression and malignancy of HCC (15). DEAH-box polypeptide 32 stimulates β-catenin signaling in order to promote tumor growth (16). Stimulation of Wnt/β-catenin signaling has been shown to be associated with HCC progression (11). HCC progression is facilitated by CircZFR, which increases HMGA2 expression via miR-375 sponging (17). The prognostic value of NTF3, which is limited in expression in HCC, is debatable. In addition, NFT3 promotes the overabundance of immune cells within HCC, such as natural killer cells, CD4+ cells, mast cells, and macrophages (18). ADORA2A-AS1, on the other hand, inhibits the FSCN1/Akt axis in order to promote apoptosis and impede tumor progression in vivo and in vitro (19). This factor may influence the progression of HCC.

In the recent years, the function of non-coding RNAs in the regulation of HCC progression has been of importance. miR-612 can enhance RSL3-mediated ferroptosis through regulation of mevalonate pathway to impair progression of HCC (20). A combination of curcumin and berberine can increase SOX11 levels through miR-221 downregulation for reducing HCC growth (21). In addition, lncRNA NEAT1 impairs senescence in HCC through KIF11-related CDKN2A downregulation (22). LncRNA FTO-IT1 has been shown to enhance glycolysis and malignancy of HCC through enhancing levels of GLUT1 and PKM2 (23). LncRNA GBAP1 can be upregulated by METTL3 to overexpress BMP/SMAD in enhancing progression of HCC (24). CircRNA-0004018 is a prognostic and reliable biomarker in HCC (25) and circRNAs can regulate therapy resistance and progression of HCC cells (26, 27). Noteworthy, the non-coding RNAs have been shown to regulate autophagy and ferroptosis in HCC (28–30). Silencing circRNA 0016142 can stimulate ferroptosis in HCC cells through reducing GPX4 levels (31). Loading miR-654-5p into extracellular vesicles can stimulate ferroptosis through HSPB1 downregulation to mediate sorafenib sensitivity in HCC (32). The study develops a dynamic Boolean network model to explore interactions between PTEN, PTENP1, and miR-21 in cancers like breast cancer, HCC, and OSCC. The model aligns with experimental observations, detailing how DNA damage response (DDR) triggers cellular processes such as cell cycle arrest, senescence, autophagy, apoptosis, drug resistance, and EMT. It highlights PTENP1’s role in inhibiting miR-21 and enhancing PTEN’s function, which is critical for autophagy and DDR outcomes. The research also identifies feedback loops that provide new insights into potential therapeutic targets for promoting autophagy and overcoming drug resistance in cancer (33). In the present review, our aim is to highlight the role of autophagy and ferroptosis in the regulation of HCC progression in terms of controlling the hallmarks of HCC and determining the response of tumor cells to therapy. Furthermore, autophagy and ferroptosis demonstrate interaction and therefore, such interaction is described in HCC to further direct the future studies in the development of novel therapeutics for this malignant disease.




2 Autophagy machinery

Initiation, elongation, creation of autophagosomes, autophagosome fusion with lysosomes, and finally destruction are the successive processes that make up autophagy, which is a highly conserved process (34–36). In autophagy, macroautophagy, microautophagy, and chaperone-mediated autophagy are the three kinds (37, 38). Autophagy participates in the degradation of long-lived proteins and organelles (39). These stages are controlled by genes that are connected to autophagy, also known as Atgs. To this day, more than thirty Atgs have been identified, and careful consideration has been given to the roles that they perform. In particular, research conducted in the liver utilizing specific Atg-deletion models give evidence of the crucial functions that autophagy functions in the body’s adaptive reactions to stress and famine, additionally in the processes of cellular differentiation, development, and homeostasis (40–46). In what follows, we will go over the autophagy process in detail. At the outset, the initiation step is regulated by the AMPK, ULK1, and mTORC1 complexes. The most fundamental factor in hindering the development of autophagosomes by ULK1 is mTORC1. In the presence of glucose, which is a starved food, active AMPK blocks mTORC1, which in turn directly phosphorylates ULK1, and initiates autophagy. (47, 48); (ii) Beclin-1, Vps34, p150, Atg14L/Barkor, and Ambra-1 form a complex that mediates phagophore nucleation and is a class III phosphatidylinositol 3-kinase (PI3K). (49); (iii) Two complexes attached to ubiquitin-like proteins regulate the phagophore’s elongation into a full autophagosome: Alphabet 5–Atg12–Atg16L1 and LC3–II (50–52). These processes need the presence of a number of Atgs, such as Atg7E1-like protein, Atg 10, andE2-like protein, which are some of the essential mediators. The most important mammalian homologue of Atg8 is called LC3. After the fusion of autophagosomes and lysosomes, LC3-1 undergoes a transformation into LC3-II and is then destroyed (53). It is for this reason that LC3-II is regarded as an autophagosome marker (Figure 1) (54). During the process of microautophagy, cargo can be ingested either randomly or by targeting each cargo molecule individually, depending on the level of selection required (55). The last stage of microautophagy is autophagic breakdown. In light of the fact that there are numerous evaluations that are of high quality about the autophagy process, reading those reviews will be beneficial for gaining a deeper comprehension of the autophagic pathway (56, 57). In the recent years, the function of autophagy in different human cancers has been evaluated including breast cancer (58), pancreatic cancer (59) and prostate tumor (60), among others. Furthermore, autophagy has been determined to regulate the response of tumor cells to chemotherapy (61, 62).
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Figure 1 | The regulators of autophagy in the cells.

Autophagy primarily functions to maintain cellular homeostasis by removing damaged organelles and proteins, thereby preventing the accumulation of cellular debris and supporting metabolic stability. This aspect of autophagy plays a critical role in tumor suppression, particularly in the early stages of cancer development. By eliminating damaged mitochondria and reducing oxidative stress, autophagy prevents the accumulation of mutations and chromosomal instabilities that can lead to tumorigenesis. Furthermore, autophagy can mediate the degradation of oncoproteins and modulate inflammation within the tumor microenvironment, thereby exerting a protective effect against the initiation and progression of cancer. However, the effectiveness and extent of these tumor-suppressive functions can vary significantly based on genetic and environmental contexts, which influence the regulatory pathways and effectiveness of autophagic processes. Conversely, in established tumors, especially in the harsh environments characterized by hypoxia and nutrient depletion commonly found in solid tumors like HCC, autophagy can promote tumor growth and survival. In such scenarios, autophagy provides an alternative source of metabolic substrates through the recycling of intracellular components, supporting cellular metabolism and enabling cancer cells to survive under metabolic stress. This adaptive survival mechanism allows tumor cells to cope with the increased metabolic demands of rapid growth and proliferation. Moreover, autophagy has been implicated in resistance to chemotherapy, as the process can remove damaged organelles and proteins induced by treatment, thereby reducing drug-induced apoptosis and enhancing the resilience of cancer cells. The transition of autophagy from a tumor-suppressive to a tumor-promoting role is influenced by several factors including the stage of cancer, mutation status of key oncogenes and tumor suppressors (such as p53, PTEN, and PI3K), and the specific metabolic and microenvironmental conditions of the tumor. For instance, in cells with defective apoptosis mechanisms, autophagy often serves as an alternative cell death pathway; however, in cells where key autophagy genes are mutated or deleted, such as BECN1 or ATG5, autophagy may fail to execute its tumor-suppressive role effectively. Moreover, the interaction between autophagy and other cell death pathways, such as necroptosis and ferroptosis, further complicates its role in cancer. These interactions can influence the overall outcome of cancer therapy, with implications for the development of resistance to treatments that induce cell death by targeting these pathways. Additionally, the crosstalk between autophagy and immune responses within the tumor microenvironment plays a crucial role in modulating the immune surveillance of tumors and the efficacy of immunotherapies. Given these complexities, the effectiveness of therapies targeting autophagy in HCC can vary significantly among patients. It is crucial to consider the specific genetic alterations, stage of disease, and microenvironmental factors when designing and applying autophagy-modulating therapies. Personalized approaches that take into account the heterogeneity of tumor biology and the dual roles of autophagy could enhance the efficacy of these treatments. Future research should focus on delineating the conditions under which autophagy acts as a tumor suppressor versus a promoter, utilizing advanced genetic, proteomic, and metabolomic analyses to better understand the regulatory networks at play. This knowledge is essential for the strategic design of intervention points that can either inhibit or induce autophagy to achieve therapeutic benefits in HCC. While the dual roles of autophagy in cancer offer promising targets for therapeutic intervention, an overly simplified view fails to capture the full therapeutic potential and risks of targeting this complex cellular process. A deeper understanding of the molecular and contextual factors that dictate autophagy’s role across different stages of cancer and patient backgrounds is paramount for the successful integration of autophagy-modulating strategies in the clinical management of HCC.




3 Autophagy in hepatocellular carcinoma progression

Proliferation, metastasis, energy metabolism, resistance to chemotherapy and radiation, and autophagy are just a few of the many biological processes influenced by the PI3K/AKT/mTOR, a classic dysregulated pathway in hepatocarcinogenesis (63–65). New insights into the progression of HCC mediated by TAMs and the identification of new therapeutic targets could be achieved by learning about the involvement of miR-210 and the PI3K/AKT/mTOR. In this respect, Bi and co-workers exhibited that via PI3K/AKT/mTOR, miR-210 enhances hepatocellular carcinoma progression by regulating macrophage autophagy (66). The study revealed that miR-210 expanded expression in M2 macrophages, extending autophagy-related gene and protein expression. However, apoptosis-related proteins reduced. MDC staining and transmission electron microscopy illustrated the accumulation of autophagosomes in the miR-210 mimic group. HCC cells co-cultured with miR-210 mimics represented elevated proliferation and invasive ability, while apoptosis rates were reduced. Promoting or impeding autophagy could raise or abolish these impacts. In this connection, Toshima and colleagues revealed that the activation of mitochondrial β-oxidation by autophagy accelerates the progression of hepatocellular cancer (67). The results showed that LC3 expression is highly elevated in HCC tissues, correlated with HIF1α expression and tumor size. This expression predicts HCC recurrence after surgery, especially in large tumors. Huh7 treated with autophagy-inhibitor under hypoxia has lower viability because mitochondrial β-oxidation is hindered. Promoting HIF1α-mediated proliferation, autophagy is observed in HCC. by maintaining intracellular ATP, depending on mitochondrial β-oxidation activation.

In their investigation of autophagy’s function in cancer development (68), Takamura and colleagues utilized animals lacking the ATG5 gene in their livers (44). They discovered that inhibiting ATG5 expression resulted in oxidative DNA damage, a decrease in liver autophagy and the development of benign tumors in the liver that do not appear to be cancerous. The failure to form HCC was associated with the activation of tumor suppressors, including TP27, TP21, TP16, andTP53. These suppressors hindered the development of tumors by impeding autophagy, which manifested as TP62 accumulation, mitochondrial swelling, oxidative stress, and responses to genomic damage (69). Concurrently, Mice lacking ATG7 in the liver grew tumors that were less in size. following TP62 deletion (44, 69), suggesting that autophagy deficiency-induced p62 accumulation contributes to tumor progression. The m6A mutation has been linked to multiple biological processes, including stem cell differentiation, tissue formation, and tumor progression, according to mounting evidence. In this regard, Li and colleagues exhibited that hypoxia-induced autophagy and the aggressiveness of hepatocellular carcinoma are caused by the HIF-1α-induced expression of the m6A reader YTHDF1, which promotes the translation of ATG2A and ATG14 (70). The results demonstrated that YTHDF1 aided autophagy and autophagy-related HCC via binding to m6A-modified mRNA of ATG2A and ATG14, two genes involved in autophagy. All things considered, the expression of YTHDF1 generated by HIF-1α was linked to hypoxia-induced autophagy and the advancement of HCC connected to autophagy through the promotion of translation of ATG2A and ATG14, two genes involved in autophagy, in a way that was dependent on m6A.

It has been found that circRNAs are involved in several tumor-malignant activities in HCC. Therefore, Wang and colleagues revealed that hepatocellular carcinoma progression is hastened by exosomal circTGFBR2 via an upregulation of ATG5-mediated protective autophagy (71). Based on the consequences, ircTGFBR2, which is transported into HCC cells through exosomes, acts as a competing endogenous RNA. It binds to miR-205-5p, which in turn enhances ATG5 production and autophagy in HCC cells, making them resistant to starvation. Through the circTGFBR2/miR-205-5p/ATG5 axis, researchers indicated that circTGFBR2 is an innovative tumor promoter circRNA in hepatocytic exosomes that accelerates HCC growth by amplifying ATG5-mediated protective autophagy. Autophagy is necessary for the transformation of benign hepatic lesions into malignant HCC, according to a more recent study by Liu and colleagues (72). The results of their study indicated that the inhibition of TP53 and the stimulation of NANOG transcription factor expression were crucial for the maintenance of hepatic cancer stem cells and the facilitation of hepatocarcinogenesis, mitophagy, and autophagy (72). TAutophagy is crucial for cancer cell survival when tumors, such as HCC, have grown., whereas it initially functions as a tumor suppressor in nontumor cells or during the early phases of tumor cell development. Autophagy is necessary to promote tumorigenesis in cells expressing oncogenic Ras (73, 74), and maintains oxidative metabolism or facilitates glycolysis, both of which are mechanisms within solid tumors, autophagy has been demonstrated to improve tumor cell survival in hypoxic areas (75).

In another research, Gao and colleagues exhibited that the progression of IL-1β-mediated hepatocellular carcinoma is accelerated through inflammasome accumulation and self-recruitment when autophagy is inhibited in macrophages (76). By increasing IL-1β release through NLRP3 inflammasome accumulation and by macrophage self-recruitment through the CCL20 signaling pathway, the findings demonstrated that inhibiting tumor macrophage autophagy enhanced the advancement of HCC. One potentially viable therapeutic option for patients with HCC is the interruption of this loop that promotes metastasis by the inhibition of IL-1β. In their research, Xue and collaborators exhibited that Daurisoline promotes cispaltin-induced cell death and slows the growth of hepatocellular cancer by limiting autophagy (77). Whenever DAS was applied to HCC cells, a marked reduction in the mature forms of cathepsin B and cathepsin D was noted. In addition, the anti-cancer effects of cisplatin (cDDP) on HCC cells were significantly increased by DAS therapy, as shown by the considerable reduction of cell viability and proliferation and the enhancement of apoptosis. In addition, the nude mouse xenograft models with HCC demonstrated that the combination of DAS and cDDP considerably slowed tumor progression in vivo when compared to the cDDP alone group (Figure 2).

[image: Flowchart illustrating the role of autophagy in hepatocellular carcinoma progression. It shows pathways involving mitochondrial beta-oxidation, intracellular ATP, HIF-1alpha, ATG5 downregulation, YTHDF1, ATG2A, ATG14, and daurisoline. Pathways lead to effects on proliferation, oxidative damage, cancer progression, and apoptosis.]
Figure 2 | The function of autophagy in hepatocellular carcinoma progression.




4 Autophagy in the regulation of hepatocellular carcinoma chemoresistance

Treatments for advanced HCC patients involve induction or inhibition of autophagy; however, drug resistance continues to pose a significant obstacle (78). Chemotherapeutic medications have the potential to augment autophagic flux, thereby potentially bolstering drug resistance and cell survival (79). Autophagy is a mechanism facilitating the survival of cancer cells. Treatment resistance is expanded by autophagy induction, whereas cell mortality is extended by autophagy prevention (80–82). Cancer drug resistance is influenced by various signaling pathways and crucial regulators. Autophagy, in particular, is under the control of proto-oncogenes, tumor suppressors, and noncoding RNAs (83, 84). Autophagy inhibitors can circumvent therapeutic resistance induced by autophagy inducers (81). miR-520b suppressed ATG7-dependent autophagy and enhanced doxorubicin sensitivity in HCC. according to a study by Gao and colleagues (85). Based on these findings, the miR-520b/ATG7 pathway may represent a promising avenue for chemosensitive treatment of HCC. In this context, Zhao and colleagues represented that through the P38/Hsp27/CREB/ATG7 pathway, CD13 [romotes chemoresistance in hepatocellular carcinoma cells by inducing autophagy (86). T An increase in CD13 levels activates the P38/HSP27/cAMP response element-binding protein (CREB) signaling pathway, which in turn decreases the effectiveness of cytotoxic drugs. To make HCC cells more sensitive to 5-fluorouracil, P38 or CREB blockage is used. By establishing a connection with the ATG7 promoter, CREB enhances autophagy and chemoresistance in HCC cells. Inhibiting CD13 expression reduces autophagy, tumor cell proliferation, and ATG7 expression in living organisms. PADI4 is a type of PAD enzyme found in different cells, such as breast cancer cells, leukocytes, and embryonic stem cells and is involved in cancer etiology and rheumatoid arthritis (87, 88). It is expressed in adenocarcinoma and non-adenocarcinoma tumors, suggesting its role in tumorigenesis (89). It has not been acknowledged, however, that PADI4 is involved in HCC cell chemoresistance. Thus, Fan and collaborators represented that through activating autophagy, peptidylarginine deiminase IV contributes to the development of chemoresistance in hepatocellular cancer (90). The consequences demonstrated that chemoresistance is linked to increased PADI4 expression in HCC patients who experienced TACE following surgery. Furthermore, researchers discovered that chemotherapeutic drug resistance occurred in both in vitro and in vivo when PADI4 was overexpressed in HCC cell lines. Curiously, it was found that HCC cells overexpressing PADI4 went through autophagy, a process that cells use to fight against the cell death caused by chemotherapy. Both in vitro and in vivo studies have shown that autophagy inhibitors can restore chemotherapeutic sensitivity to HCC cells.

Sorafenib, which induces autophagy and has a substantial extended overall survival rate in HCC patients, is the only systemic agent presently approved for the treatment of advanced-stage HCC (91). With approximately 30% of patients undergoing HCC stages III/IV responding to sorafenib, the emergence of intrinsic and acquired resistance to the drug continues to pose a significant prognostic challenge. Autophagic induction with prosurvival properties by sorafenib may constitute the potential fundamental mechanism (92). In contrast, the efficacy of sorafenib in combination with everolimus, a highly potent inhibitor of mTOR, was not supported by data from a recent multinational phase II trial that was randomized and performed across multiple centers (93). RAGE modulates autophagy and is responsible for promoting HCC proliferation and sorafenib resistance, according to a recent study. RAGE deficiency activates the AMPK/mTOR signaling pathway, which further contributes to the sorafenib response. These findings suggest that Rage could serve as a biomarker of sorafenib resistance and a potential therapeutic target in HCC (94). Metastasis, angiogenesis, proliferation, apoptosis, and apoptosis of HCC cells are all noticeably affected by RAGE ligands, such as considerable mobility group box 1 (HMGB1) (95, 96). In multiple tumor types, including neuroblastoma, osteosarcoma, and lung cancer, HMGB1 additionally is involved in chemotherapy resistance. Furthermore, a recent study proposed that HMGB1 may play an unexpected role in regulating resistance to sorafenib therapy in HCC; this suggests that HMGB1 and HCC share a positive association (97). In addition, sorafenib resistance in HCC is regulated by the cell surface molecule CD24 through the activation of autophagy; hence, sorafenib sensitivity increased significantly when CD24 was depleted or autophagy was inhibited (98). Furthermore, Zhou and colleagues in their investigation approved that in hepatocellular carcinoma cells, fibronectin type III domain-containing protein 5 stimulates autophagy through the AMPK/mTOR signaling pathway, which adds to the chemoresistance to nab-paclitaxel (99). The results showed that hepatocellular carcinoma tissues have higher FNDC5 expression than normal tissues, which can be reduced by knockdown or overexpression of FNDC5. Overexpression increases resistance to treatment and promotes autophagy via the AMPK/mTOR signaling pathway, reducing cell death induced by nab-paclitaxel. In addition, insulin resistance (IR) and type 2 diabetes mellitus (T2DM) are two independent risk factors for the significant mortality level of HCC patients. IR and T2DM can be instigated by a variety of pathological events, such as inflammation and carcinogenesis in the liver. Therefore, Li and colleagues announced that Hepatocellular carcinoma cells modulate endoplasmic reticulum stress by autophagy, which is important for insulin resistance-mediated chemoresistance (100). The study’s findings, supported by experiments that stimulated and hindered autophagy, exhibited that IR-induced elevtaed autophagy remarkably improves chemotherapeutic drug resistance in hepatoma cells. The fact that autophagy regulates endoplasmic reticulum stress in IR-mediated chemoresistance in HCC could be one explanation. Ultimately, autophagy helps hepatocellular carcinoma cells survive chemotherapeutic drug treatment by keeping the ER in homeostasis, suggesting that autophagy’s regulatory function in ER stress contributes to IR-mediated chemoresistance. Moreover, Liu and co-workers in their investigations revealed that osteopontin promotes chemo-resistance in human hepatocellular carcinoma cells via inducing autophagy (101). The findings demonstrated that OPN secretion promoted autophagy by binding to its receptor integrin αvβ3 and maintaining the stability of FoxO3a. Autophagy induced by OPN may enhance the survival of cancer cells, fortify them against chemotherapy, and impart stem-like characteristics (Figure 3).
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Figure 3 | The function of autophagy in the regulation drug resistance.




5 miRNAs regulate autophagy in hepatocellular carcinoma

Noncoding RNAs (ncRNAs), such as microRNAs (miRNAs), are gaining increasing interest as potential novel therapeutic targets for human disorders (102). MiRNAs are a group of naturally occurring, small noncoding RNAs that control gene expression after the process of transcription. The research of the connection between ncRNAs and autophagy in HCC has gained significant attention in recent years. The significance of miRNAs in physiological and pathological processes, such as tumor development and progression, is becoming increasingly apparent. Plethorus microRNAs participate in the autophagy regulation of HCC (103). Furthermore, in HCC, the expression of several microRNAs is abnormal, and the diverse repercussions that follow from this abnormal expression are numerous (104). Transcription factors, such as NFI-A, PU.1, and C/EBPs, regulate the miR-223 gene, which is located on Xq12. Importantly, miR-233 regulates particular inflammatory responses, thereby exerting a significant impact on the development and maintenance of the immune system (105, 106). Moreover, it improves metastasis and drug resistance in gastric cancer, exacerbates the proliferation of breast cancer cells, and induces carcinogenic influences in gastric cancer (107). It has been revealed that doxorubicin-induced autophagy of HCC cells is facilitated by a decreased rate of miR-223 expression, targeting FOXO3a and so reduces the doxorubicin sensitivity of HCC cells. In contrast, previous studies have demonstrated that doxorubicin treatment for HCC is enhanced by miR-223 overexpression (108). Pihosphatide-3-kinase regulatory subunit 3 (PIK3R3) is distinguished as an oncogene, whereas miR-513b-5p is a miRNA that is downregulated in HCC cells. Autophagy is prevented during the malignant progression of HCC as a result of the impedement of PIK3R3 expression by miR-513b-5p. MiR-513b-5p is thus a possible therapeutic target for HCC (109). In this regard, scientists studied the function of miR-375, a noticeably suppressed miRNA in HCC. They uncovered that miR-375 impeded autophagy by decreasing the levels of Atg7. Consequently, this led to a decrease in the survival of HCC cells in both laboratory cultures and mice in hypoxic conditions. MiR-375 prevented the transformation of LC3-I to LC3-II in low oxygen conditions, thereby obstructing the flow of autophagy. This prevention of mitochondrial autophagy in HCC cells led to a reduction in the elimination of damaged mitochondria, a raise in the release of mitochondrial apoptotic proteins, and finally impaired the survival of HCC cells (110, 111).

miR-101 is observed on chromosomes 1 and 9, severally. It is indispensable in numerous forms of cancer for processes such as invasion, metastasis, drug resistance, angiogenesis, apoptosis, and proliferation (112, 113). It has been found that overexpression of miR-101 impedes autophagy through its regulation of RAB5A, stathmin 1, ATG4D, and other targets. On top of that miR-101 expands apoptosis in HepG2 cells when applied in conjunction with cisplatin, indicating that it extends the sensitivity of HepG2 cells to cisplatin. The opposite takes place when miR-101 expression is insignificant (114, 115). There are currently a limited number of investigations pertaining to miR-4790-3p. MiR-4790-3p expression is reduced significantly in HCC patients treated with a combination of Ku0063794 and everolimus. Conversely, miR-4790-3p targets zinc finger protein 225 (ZNF225) expression, is noticeably raised. By expanding ZNF225 expression, autophagy is prevented when miR-4790-3p is downregulated; consequently, HCC cell survival is dropped (116). Furthermore, Lan and colleagues exhibited that autophagy regulates the expression of miR224 selectively via an autophagosome-mediated degradation mechanism. Additionally, they discovered that off-label use of the antiarrhythmic agent amiodarone effectively inhibited HCC tumorigenesis in vitro and in vivo via autophagy-mediated miR224 degradation (117). The results of another investigation showed that an increase in cellular autophagy facilitated the inhibition of migration and invasion by glycine decarboxylase overexpression. The impact was diminished through the transfection of miR-30d-5p (118). Additionally, in HCC, autophagy-related genes are targeted by microRNAs to regulate autophagy. Downregulation of miR-30a, which mediates autophagy dependent on Beclin 1 and Atg5 and confers anoikis resistance in HCC cells, was observed in metastatic HCC, based on the research conducted by Xiu-Tao Fu and colleagues (119). Additionally, under hypoxic conditions, the first miRNA with proapoptotic functions, mir-375, can inhibit autophagy and reduce cell viability in HCC cells by binding directly to ATG7 (111).

HCC processes may be inhibited by miR-559 degradation. Cell proliferation and metastasis in numerous varieties of cancer are regulated by Par-3 family cell polarity regulator (PARD3). MiR-559 has the potential to be utilized as a therapeutic target for HCC, as evidenced by research indicating that it inhibits autophagy by suppressing PARD3 expression, thereby inhibiting the growth of HCC (120). Ancient miR-7 (121), is determined to be translated from three genomic loci: 9q21, 19q13, and 15q26 (122). It regulates numerous signaling pathways, including those that promote apoptosis by downregulating the PI3K and MAPK pathways, whereas its primary function is to inhibit tumor growth, survival, and migration (121). Autophagy is accelerated and metastasis and invasion of HCC cells are promoted as a result of the upregulation of ATG5 expression in HCC tissues induced by the downregulation of miR-7 (123). There exists an association between the upregulation of miR-25 in HCC tissues and the clinical stage, lymph node metastasis, and pathological grade. In order to stimulate autophagy and decrease F-box and WD repeat domain containing 7 protein expression, miR-25 increases HCC resistance to sorafenib. Consequently, miR-25 could potentially serve as an innovative therapeutic target for HCC (124). An additional investigation examined the potential autophagy inhibitory effects of miR-26 family members (miR-26a, miR-26b, and miR-26a/b). These inhibitors increased the sensitivity of HCC cells to doxorubicin (Dox) and induced apoptosis by directly impeding the expression of serine/threonine protein kinase ULK1, a crucial autophagy promoter (125). The miR-125b gene, which is located on chromosome 21q21, is an essential constituent of the miR-125 family and is implicated in the commencement and progression of cancer (126). Previous investigations have indicated that oxaliplatin-resistant HCC cells illustrate low rates of miR-125b expression. Conversely, overexpression of miR-125b prevents invasion, proliferation, and epithelial-mesenchymal transition (EMT), proposing that it might expand cell sensitivity to oxaliplatin. Through its mechanistic impediment of EMT and autophagy via downregulation of Eva-1 homolog A, miR-125b effectively declines oxaliplatin resistance in liver cancer patients (127). miR-199a-5p is a member of the miR-199a family and is implicated in driving the development of lung cancer tumors (128). In patients with HCC who are undergoing cisplatin chemotherapy, miR-199a-5p expression has been found to be noticeably lessened. Autophagy is instigated by the downregulation of miR-199a-5p induced by cisplatin via its targeting of ATG7; thus, cisplatin resistance in HCC is expanded (129). miR-193a-3p is a tumor suppressor gene located on chromosome 17 and is implicated in the vast majority of cancer types (130). miR-193a-3p is modulated in HCC by the tumor inhibitor gene mitogen-inducible gene 6 (Mig-6). TGF-2 is a miR-193a-3p target. By positively regulating miR-193a-3p, mig-6 decreases the rate of TGF-2, thereby extending apoptosis and impeding autophagy in HCC (131).




6 Therapeutic compounds target autophagy in hepatocellular carcinoma

Flavopereirine triggers autophagy as a means to hinder the advancement of HCC (132). Moreover, resveratrol indicates effectiveness as an anti-cancer drug against HCC and prevents Akt signaling by upregulating the expression of phosphatase and tensin homolog (PTEN), thereby reducing the malignancy of HCC (133). Resveratrol improves the body’s ability to fight against tumors in HCC by declining the population of CD8+ CD122+ Treg cells (134). Furthermore, resveratrol lessens the expression of Gli-1 in the suppression of HCC (135). Resveratrol can enhance the expression of p53 and impede the PI3K/Akt signaling pathway, resulting in the induction of autophagy and the prevention of HCC progression (136). The AMPK/mTOR/p70S6K axis is stimulated by isoqerucetin, which facilitates apoptosis and autophagy in HCC. The anticancer effect of autophagy in HCC is confirmed by the fact that inhibition of autophagy reduces apoptosis by inhibiting capase-3 activation and PARP cleavage and decreasing the Bax/Bcl-2 ratio (137). Dehydrocostuslactone (DCL) and costunolide (CL) were utilized in one experiment as two bioactive components of an extract of sesquiterpene lactones for the treatment of HCC. CL and DCL facilitate the buildup of LC3 and p62 in order to inhibit autophagy and impede the progression of HCC (138). In another investigation, Zou and colleagues reported that autophagy-mediated antitumor activity in human HCC cells is demonstrated by Oroxylin A, a natural monoflavonoid extracted from Scutellariae radix. The activity is dependent on both dose and duration (139). Besides, Berberine, Allicin, Matrine, and Glycyrrhetinic acid are also molecules derived from plants that induce apoptosis and/or autophagy of HCC cells, thereby exerting antitumor effects (140, 141). Moreover, dioscin is a considerably used anticancer drug in the treatment of HCC. Dioscin prevents the process of EMT mediated by TGF-β1 in HCC, hence decreasing the spread of cancer cells (142). Furthermore, dioscin expands the expression of Bax and caspase-3 while declining the rates of Bcl-2 during the process of inducing apoptosis in HCC (143). Dioscin induces apoptosis, autophagy, and DNA damage in HCC cells, resulting in dropped cell growth and metastasis. Dioscin induces autophagy and promotes development of HCC cells by increasing the levels of Beclin-1 and LC-3, and decreasing the rates of p-Akt and p-mTOR (144). A natural bufadienolide derived from toad venom, Arenobufagin, additionally inhibits the PI3K/AKT/mTOR pathway to instigate apoptosis and autophagy in human HCC cells (145). Antibacterial, antifungal, antiviral, anti-inflammatory, and potentially anticancer are some of the biological properties exhibited by -Thujaplicin, a natural derivative of tropolone (146, 147). According to one study, by stimulating autophagy, -Thujaplicin may impede the proliferation of HCC cells (148). Baicalin has primarily been represented to induce apoptosis and cell cycle arrest in tumor cells, thereby exerting its anticancer properties. HCC cells are induced to undergo autophagic cell demise by baicalin (149). An alternative investigation found that the aqueous extract (PB) of P. bistorta (Bistorta officinalis (synonym Persicaria bistorta) stimulated autophagy in HCC, which in turn initiated caspase-dependent apoptosis. Due to its anticancer properties, P. bistorta is utilized in traditional Chinese medicine (150). Table 1 summarizes the role of autophagy in HCC.

Table 1 | The function of autophagy in modulation of HCC progression.
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7 Ferroptosis machinery

The regulated cell death phenomenon known as ferroptosis was initially documented by Dixon and colleagues in 2012 (186, 187). In 2008, Yang and Stockwell were the first to identify compounds capable of causing death to cells carrying mutant subtypes of ras sarcoma (RAS) (188). By means of phospholipid peroxidation, where iron metabolic products, polyunsaturated fatty acids, and reactive oxygen species (ROS) interact, an erythrostatin is capable of inducing a nonapoptotic form of cell death (187). System xc− and glutathione peroxidase 4 are critical pathways in the initiation, execution, and regulation of ferroptosis. Additionally, lipid and iron peroxidation are crucial to ferroptosis. A concise overview is also provided of regulatory factors such as nuclear factor erythroid 2-related factor 2 (NRF2) and ferroptosis suppressor protein 1 (FSP1). An amino acid antiporter, System xc∓ plays a role in the translocation of L-cystine from outside the cell to within the cell via the plasma membrane. belonging to the HAT family (189). It is a heterodimer composed of SLC7A11 and SLC3A2 connected by a disulfide bond. Critical for the survival of mammalian cells, GPX4 is a restricted selenoprotein that can mediate the reduction of lipid peroxides (LPOs) in a complex cell membrane environment. By impeding GPX4, lipid peroxidation can be increased and ferroptosis, the origin of LPOs in healthy cells, can be induced (190–192). One of the most lethal signals of ferroptosis, GPX4 serves as the principal regulatory factor in the process. Additionally, glutathione (GSH) and cysteine, which function as fundamental auxiliary factors for GPX4, exert control over it (192, 193). By influencing GPX4 activity, System xc∢ can modulate intracellular cysteine levels and thus control ferroptosis. SLC7A11 is concurrently regulated by numerous genes, some of which function as tumor suppressor genes with a negative regulatory function (194–196). The expression of system xc− and GPX4 can be inhibited, respectively, by erastin and RSL3 (Figure 4) (197, 198).
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Figure 4 | An overview of ferroptosis machinery.

Ferroptosis and cellular metabolism have a complex relationship (199, 200), with lipid peroxidation serving as a crucial driver (187). The initiation, propagation, and termination phases of this process are intricately interconnected (201, 202). In the event that GPX4 is unable to eradicate redundant LPOs, ferrous iron converts them to an alkoxyl radical (LO³) (201). As a consequence, the lipid peroxidation process fails to progress to its ultimate termination phase, which facilitates the buildup of LPOs, including malondialdehyde (MDA), which may induce cascades of cellular death or toxicity (201, 203). Iron-containing LOXs, which are nonheme enzymatic protein effectors, are of paramount importance in lipid peroxidation during ferroptosis. A LOX knockout has the ability to withstand ferroptosis mediated by erastin (204, 205). The p53/SLC7A11/12-LOX pathway is additionally implicated in the ferroptosis-induced production of LPO (203, 206). In ferroptosis, lipid peroxidation is metabolized via a series of interconnected cascades governed by the equilibrium when it comes to the antioxidant and oxidation systems, l Methods for removing lipids from cells, repairing membranes, and autophagy (207). The role of GPX4 in additional RCD processes provide credence to the idea that lipid peroxidation occurs at the “intersection” of RCD (196, 207, 208). Enhanced release, increased absorption, or restricted intracellular iron efflux are factors that can induce the accumulation of intracellular iron, which can facilitate ferroptosis via multiple pathways (209). The Fenton reaction, a non-enzymatic chain that increases PLOOH production, a critical step in ferroptosis (210), indicates that this process is iron-dependent. Iron is additionally indispensable for specific enzymes that are engaged in ferroptosis, including Cytochrome P450 Reductase (POR) and Phospholipid peroxidation metabolism-related LOX (211). Ferroptosis may be influenced by metabolic regulators associated with iron metabolism, encompassing iron uptake, storage, transport, or degradation. Iron transportation, storage, and release are primarily regulated via the iron regulatory proteins (IRPs)-iron response element (IRE) in mRNA interaction (212, 213). IRE-binding protein 2 (IRE-BP2) is a pivotal element in the process of ferroptosis induction (214). Transferrin (TF) transports iron to various tissues and organs by binding to iron in the circulation. Ferroptosis is mediated by the transferrin receptor (TFR), which is also accountable for the cellular uptake of iron-loaded TF (214). By enhancing TFR function, oncogenic RAS can increase cellular iron stores, thereby increasing susceptibility to ferroptosis induced by erastin (188). Ferritin degradation can be achieved through the mechanism of selective autophagy, which is facilitated by nuclear receptor coactivator 4 (NCOA4) (215). Additional iron metabolism-related proteins or regulators, including prominin-2 (PROM2) and heme oxygenase 1 (HO1), may exert an influence on ferroptosis (216, 217).




8 Ferroptosis in hepatocellular carcinoma progression

Because it modifies the cancer cells’ biological characteristics, ferroptosis controls HCC. like cell death, migration, and proliferation, based on an increasing amount of research investigating the link between HCC and ferroptosis (218). An example of a protein that prevents cell proliferation in HCC patients is protocadherin beta 14 (CDHB14). This protein improves ferroptosis by blocking the interaction between p65 and SLC7A11. The downregulation of CDHB14 in HCC patients suggests that it may play a tumor-suppressing role in HCC (219). Ferroptosis and tumorigenesis, however, are linked to a number of the proteins that are overexpressed in HCC. Based on the consequences of Zhang and colleagues, the zinc-finger protein 498 (ZNF498) expands hepatocarcinogenesis and progression while inhibiting p53-triggered apoptosis and ferroptosis (220). ZNF498 is signifying a high clinical grade and a poor prognosis in HCC patients. An independent risk factor associated with the development of hepatocellular carcinoma (HCC) has been identified as glucose-6-phosphate dehydrogenase (G6PD). This enzyme not only inhibits cytochrome P450 oxidoreductase (POR), but also promotes tumor invasion, metastasis, and growth, while decreasing ferroptosis (221). Moreover, Guo and colleagues exhibited that Hepatocellular carcinoma progression is accelerated and prognosis is poor when RPLP2 is highly expressed because it inhibits ferroptosis (222). The study revealed that elevated RPLP2 rates are linked to advanced clinicopathologic features and poor prognosis in HCC patients. The study also found that decreased RPLP2 DNA methylation rates correlate with patient outcomes. High RPLP2 expression is linked to unfavorable immune infiltration and positively associates with ferroptosis suppressor GPX4, potentially accelerating ferroptosis to suppress HCC tumor progression (222). Furthermore, in another research, Lyu and co-workers indicated that through the circ0097009/miR-1261/SLC7A11 axis, ferroptosis contributes to the progression of hepatocellular carcinoma (223). The results illustrated that Circ0097009 expression rised in HCC tissues and cell lines, while knockdown lessened invasion and proliferation. It connects directly to miR-1261 and modulates each other’s expression via miR-1261 sponging. Circ0097009 controls SLC7A11 expression in HCC, an important regulator of cancer cell ferroptosis, acting as a competing endogenous RNA (223). Besides, Bi and collaborators investigated the role of METTL9-SLC7A11 axis in hepatocellular carcinoma and revealed that METTL9-SLC7A11 axis expands HCC progression by preventing ferroptosis (224). Scientists found that inhibiting METTL9 expression decreased levels of SLC7A11, an important regulator of ferroptosis. This, in turn, increased ferroptosis in HCC cells, which slowed the development of HCC. Also, we demonstrated that METTL9 targeting might considerably limit the growth of HCC PDX (224). Induction of ferroptosis may be utilized as a therapeutic approach for HCC, according to these results. Potentially, the treatment of HCC could involve the targeting of ferroptosis suppressors. Shan and collaborators reported that inhibiting the NRF2 signaling pathway does not promote ferroptosis but does impede the growth and progression of HCC. However, CEP290 suppression inhibits ferroptosis (225). Similarly, the RNA-binding protein ENO1, also known as alpha-enolase, inhibits the operation of mitochondrial iron-induced ferroptosis and iron regulatory protein 1 (IRP1), suggesting that it may serve as a fundamental target for therapeutic interventions targeting HCC (226). Resistance mechanisms against anticancer therapies may be established by HCC under hypoxic conditions. SLC7A11 degradation, YTHDF induces this process by attaching to N6-methyladenosine RNA. obstructs ferroptosis and consequently diminishes the effectiveness of HCC interventional embolization (227). A decrease in methyltransferase-like 14 (METTL14) due to hypoxia inhibits ferroptosis. Idh2 knockdown, an enzyme of which NADPH is produced, reduces mitochondrial GSH and thereby increases erastin-induced ferroptosis in hepatocellular carcinoma cells. thereby impeding the progression of HCC, according to another investigation that was profoundly impressed (228). It is necessary to further study the precise function and mechanism of ferroptosis, which is represented to be critical in the initiation and progression of HCC in the aforementioned investigations. As an additional mechanism, ferroptosis aids in the angiogenesis of HCC. In cultured human HCC cells, the miR-17-92 cluster has been linked to an increase in cell proliferation, colony formation, and invasiveness (229). by inhibiting the expression of ACSL4 (230). This mechanism of action aids in the promotion of tumor angiogenesis in HCC and shields endothelial cells from the ferroptosis caused by erastin as an oncogenic miRNA cluster.

In another investigation, Zhang and colleagues was studied the function of mitochondrial translocator protein (TSPO) in controlling ferroptosis and antitumor immunity. They indicated that by inhibiting ferroptosis and immune evasion, mitochondrial TSPO promotes the progression of hepatocellular carcinoma (231). The results showed that TSPO, a protein found in HCC, is expressed and linked to insignificant prognosis. It expands HCC cell growth, migration, and invasion, hinders ferroptosis, and upregulates PD-L1 expression. It also interacts with P62, hindering autophagy and proteasomal degradation. In a mouse model, TSPO inhibitor PK11195 combined with anti-PD-1 antibody indicated a synergistic anti-tumor impact. Research conducted by Yang and colleagues illustrated that the activation of the Nrf2/HO-1/GPX4 axis suppresses the progression of hepatocellular carcinoma through polyphyllin I induced ferroptosis (232). The consequences indicated that PPI prevents HCC cell proliferation, invasion, and metastasis by enhancing reactive oxygen species, improving Fe2+ accumulation, depleting GSH, and suppressing xCT and GPX4 expression. This induces ferroptosis, which is connected to PPI binding to Nrf2, HO-1, and GPX4 proteins, modulating the Nrf2/HO-1/GPX4 antioxidant axis. Ferrostatin-1 mitigates this disruption. In vivo, PPI impedes Nrf2/HO-1/GPX4 axis-induced ferroptosis, hindering HCC progression.




9 Ferroptosis in the regulation of hepatocellular carcinoma chemoresistance

The resistance of HCC patients to drugs considerably impairs the effectiveness of chemotherapy. Inducing ferroptosis is a crucial chemotherapeutic function of sorafenib in the treatment of HCC. The susceptibility of HCC cells to sorafenib can be influenced by a multitude of ferroptosis regulators. In their study, Feng and colleagues provided evidence that ACSL4, an enzyme that activates ferroptosis, can amplifie the ferroptosis induced by sorafenib and effectively forecasts the sensitivity of HCC to sorafenib (233). Moreover, Sun and collaborators showed that QSOX1, an enzyme involved in quiescin hydrate oxidation, makes HCC cells more vulnerable to oxidative stress and expands the ferroptosis induced by sorafenib through the inhibition of NRF2. These results suggest that QSOX1 may serve as an underlying therapeutic target for HCC (234). By inhibiting ferroptosis in HCC, blocking the activity of the N6-methyladenosine reader insulin-like growth factor 2 mRNA-binding protein 3 (IGF2BP3) renders NRF2 mRNA unstable and thus circumvents sorafenib resistance (235). Zeta-1 glutathione S-transferase, an enzyme that metabolizes phenylalanine, also inhibits the NRF2/GPX4 axis in sorafenib-resistant HCC cells. This leads to an increase in lipid peroxidation and ferroptosis, which in turn increases the sensitivity of HCC cells to sorafenib (236). Furthermore, phosphoseryl-tRNA kinase (PSTK) suppression promotes ferroptosis. and enhances the therapeutic impact of sorafenib in hepatocellular carcinoma (HCC) by preventing the activity of GPX4 and additional disruption of cellular glutathione levels (237). In addition, accelerated secretion rates of the cysteine-rich, acidic protein (SPARC) contribute to the cytotoxic influences of sorafenib in HCC by raising reactive oxygen species (ROS) and promoting ferroptosis (238).

Furthermore, Gao and colleagues revealed that by inhibiting ferroptosis, YAP/TAZ and ATF4 cause hepatocellular cancer to resist Sorafenib (239). The transcription factors YAP/TAZ were recognized as crucial catalysts of Sorafenib resistance in HCC through the prevention of Sorafenib-induced ferroptosis in this investigation, which utilized a combination of shRNA-mediated synthetic lethality screening and transcriptomic analysis. SLC7A11, a crucial transporter that regulates intracellular glutathione homeostasis, is mechanistically induced by YAP/TAZ in a manner dependent on TEAD. This mechanism allows HCC cells to surmount the ferroptosis induced by Sorafenib. Simultaneously, YAP/TAZ maintain the function of ATF4, facilitating the induction of SLC7A11 expression and ensuring its nuclear localization and protein stability. Furthermore, Huang and colleagues illustrated that by blocking SLC7A11-induced ferroptosis in hepatocellular carcinoma, ABCC5 aids in the development of sorafenib resistance (240). The results showed that ABCC5 expression is induced in sorafenib-resistant HCC cells, resultig in poor clinical prognoses. Deregulating ABCC5 expression can reduce sorafenib’s resistance to HCC cells. The PI3K/AKT/NRF2 axis is essential for triggering ABCC5 expression. ABCC5 increases GSH and attenuates lipid peroxidation, inhibiting ferroptosis. Inhibiting ABCC5 enhances sorafenib’s anti-cancer activity in vitro and in vivo.

Nevertheless, it has been revealed that a number of negative ferroptosis regulators has the ability to imake HCC more resistant to sorafenib. For example, ABCC5, It belongs to the subfamily C of ATP binding cassettes, is noticeably expressed in HCC cells that are resistant to sorafenib. This protein expands Glutathione (GSH) and stabilizes SLC7A11, which decreases lipid peroxidation. This, in turn, leads to the suppression of ferroptosis and induces resistance to sorafenib (240). Similarly, DAZAP1, azoospermia associated protein 1 is connected with a protein that has a negative impact on the clinical prognosis of HCC., has the ability to prevent ferroptosis through connecting to SLC7A11 messenger RNA. This, in turn, reduces the susceptibility of HCC cells to sorafenib (241). The research conducted by Gao L. and colleagues (2021) shed light on the fact that YAP/TAZ promotes SLC7A11 expression by interacting with activating transcription factor 4 (242). This, in turn, makes it possible for HCC cells to escape the ferroptosis that is induced by sorafenib. Based on these findings, it appears that ferroptosis-related regulators have the ability to target SLC7A11 in order to minimize sorafenib resistance associated with HCC. A higher level of the enzyme branched-chain aminotransferase 2 (BCAT2) is also found in tissues affected by HCC. This enzyme prevents cancer cells from dying from sorafenib-induced ferroptosis by raising glutamate levels. However, reducing system Xc-activity can decrease this impact. as stated by Wang and colleagues (243). It has been observed that helicosis causes an overexpression of the sigma-1 receptor (S1R). that has been treated with sorafenib. Ferroptosis results from a decrease in this receptor, which inhibits GPX4 synthesis. including increased susceptibility to sorafenib, lipid peroxidation, and iron metabolism (244). Similarly, the inhibition of the leukemia inhibitory factor receptor (LIFR) is responsible for initiating the process of hepatocarcinogenesis. This inhibition also imparts resistance to sorafenib-induced ferroptosis on hepatocellular carcinoma cells by boosting the activity of the NF-κB/LCN2 (lipocalin 2) pathway (245). The elimination of HCC cell resistance to sorafenib could therefore be accomplished by targeting ferroptosis-suppressors.




10 Non-coding RNAs regulate ferroptosis in hepatocellular carcinoma

Research has shown that ncRNAs linked to ferroptosis play a role in the beginning, progression, outcome, and resistance to drugs in HCC. Although ferroptosis is activated by some tumor-suppressing ncRNAs, while others target components involved in ferroptosis. In this regard, the research conducted by Zhang and colleagues provided confirmation that the long non-coding RNA HEPFAL is essential for facilitating ferroptosis through the downregulation of SLC7A11 expression. This discovery underscores the potential therapeutic usefulness of lncRNA HEPFAL in the treatment of HCC. It is noteworthy that lncRNA NEAT1 represents upregulation in erastin-exposed HCC cells. It serves as a surrogate for miR-362-3p, thereby increasing ROS generation and decreasing NADPH and GSH levels. A faster rate of ferroptosis in HCC cells is the result of increasing myoinositol oxygenase (MIOX) expression (220). Apoptosis and growth inhibition of HCC cells are both aided by ketamine. Through the lncRNA PVT1/miR-214-3p/GPX4 axis, ketamine inhibits HCC cell malignant behaviors and causes ferroptosis (234). The negative regulator of ferroptosis is ATF4, and miR-214 has the potential to function as an ATF4 inhibitor. In their study, Bai and collaborators revealed that the upregulation of miR-214 leads to elevated concentrations of Fe2+, reactive oxygen species, and malondialdehyde through the inhibition of ATF4, this allows erastin-mediated ferroptosis to target HCC cells (246). Qi and colleagues discovered lncRNA GABPB1-AS1, which further decreases HCC cells’ antioxidant potential by inhibiting the production of PRDX5 (peroxiredoxin 5) peroxidase., thereby promoting erastin-induced ferroptosis, along with the finding that GABPB1 is both highly expressed and linked to a poor prognosis in HCC (247). The results of this study suggest that ncRNAs have the ability to stimulate ferroptosis, which could represent a viable therapeutic approach for HCC.

Furthermore, LncRNAs have a key role in the development and advancement of HCC by inhibiting ferroptosis. A predictive model for the diagnosis, therapy, and prognosis of HCC can be constructed by examining lncRNAs linked to ferroptosis. By classifying tumors, the prognostic model developed by Xie and colleagues using the ferroptosis-related lncRNA signature may enhance the ability to predict the survival of HCC (248). The lncRNAs associated with ferroptosis are crucial in the context of hepatocellular carcinoma (HCC) immunosuppression, genomic instability, and therapeutic responsiveness. Their identification could be advantageous in the pursuit of personalized prognosis and treatment strategies for HCC patients (249, 250). A ferroptosis-related long non-coding RNA (lncRNA) model was developed by Wang and collaborators to effectively forecast the prognosis of hepatocellular carcinoma (HCC), a factor that is correlated with tumor grade and macrophage and fibroblast infiltration (251). Additional investigation unveiled that these prognostic models might exert control over the immune microenvironment of HCC through modulation of immune-related pathways, including IL-2 STAT5 and TNF-α/NF-κB. This, in turn, influences the differentiation of immune infiltration (252, 253). Additional prediction models have identified lncRNAs associated with ferroptosis that are also involved in tumor immunotherapeutic efficacy, chemotherapeutic, and tumor microenvironment modification in HCC (254, 255). In addition, seventeen lncRNAs associated with ferroptosis have been identified as a risk and prognostic model with the purpose of enhancing the accuracy of clinical treatment and therapeutic decisions pertaining to HCC (256). Significantly, MALAT1 (metastasis-associated lung adenocarcinoma transcript 1), a critical lncRNA implicated in the progression of HCC, has the capacity to influence cellular proliferation, apoptosis, and migration (257). Overexpression of the HCC prognostic gene MALAT1 is related with a worse prognosis and a lower overall survival rate in patients with HCC (258). However, additional research is required to determine how MALAT1 influences HCC biological activity via its interactions with signaling pathways involved in ferroptosis. Nevertheless, a number of studies have demonstrated that ncRNAs stimulate ferroptosis, thereby playing an oncogenic function in HCC. On sorafenib-resistant HCC cells, Lu et al. investigated the chemotherapeutic implications of miR-23a-3p. In patients who did not respond to sorafenib, miR-23a-3p was found to be overexpressed, indicating a poor prognosis in HCC. Through the promotion of ferroptosis, silencing miR-23a-3p expedited sorafenib’s sensitivity to HCC. By reducing iron buildup and lipid peroxidation, MiR-23a-3p mediates sorafenib resistance through suppressing ACSL4. according to additional molecular research (259). Moreover, Guan and colleagues indicated that the inhibition of proliferation and metastasis in cancer cells occurs when lncRNA HULC is depleted, via the miR-3200-5p/ATF4 Axis, which enhances ferroptosis and oxidative stress in HCC cells (260). An identical inquiry was conducted by Xu and co-workers regarding the impact of miR-541-3p on the progression of HCC cells via circIL4R-mediated effects. CirculIL4R expression is significantly elevated in HCC tissues relative to their corresponding normal samples, according to their research. By blocking GPX4 expression and miR-541-3p sponging, circIL4R promotes tumors and inhibits ferroptosis in HCC cells through the miR-541-3p/GPX4 axis (261). As a result, Reducing circIL4R activity speeds up the ferroptosis of HCC cells and stops oncogenesis in its tracks. A novel therapeutic target for HCC could be the inhibition of ferroptosis-suppressing ncRNAs, according to these findings.




11 Therapeutic compounds target ferroptosis in hepatocellular carcinoma

Traditional Chinese Medicine (TCM) has been shown to be effective in treating HCC, with herbal compounds like Scutellaria barbata, ellagitannin, ardipusilloside-I, Annona squamosa seeds, Panax, and gypenoside showing preventive effects (262–266). TCM compounds can improve clinical symptoms, quality of life, and prolong HCC patient survival (267). In the respect, Dai and co-workers exhibited that the Scutellaria barbata inhibits the tumorigenicity of hepatocellular carcinoma by causing the cells to undergo ferroptosis (256). The findings demonstrated that S. barbata inhibited the proliferation of HCC cells by promoting ferroptosis. The investigation into the molecular mechanism by which S. barbata stimulated ferroptosis in HCC cells revealed that ferroptosis may be induced via iron perioxidation promotion and lipid reactive oxygen species (ROS) metabolism. S. barbata further impeded the tumorigenicity of HCCs in vivo through the induction of ferroptosis in HCC cells. Proliferation, growth, and the generation of reactive oxygen species (ROS) are all dependent on iron. Including proteins such as transferrin receptor, ferritin, and ferroportin, its metabolism consists of absorption, storage, and export. Iron is an essential nutrient for cancer cells (268). Thus, Lin and colleagues indicated that human hepatocellular carcinoma cells driven by Saponin Formosanin C to engage in ferritinophagy and ferroptosis (269). The results showed that ferritinophagy is found to be a significant factor in ferroptosis-induced cell death in HepG2 cells with elevated NCOA4 expression and decreased FTH1 levels; this suggests that ferritinophagy may have chemotherapeutic potential against apoptosis-resistant HCC in which NCOA4 expression is elevated.

In another research, Xu and colleagues demonstrated that Tiliroside makes hepatocellular cancer more sensitive to sorafenib by targeting TBK1, which induces ferroptosis (270). The consequences showed that Tiliroside significantly enhanced sorafenib’s anti-HCC activity without side effects, and when combined with sorafenib, it induced synergistic effects against HCC. Tiliroside inhibited TBK1’s enzymatic activity, promoting Keap1-mediated Nrf2 ubiquitination and degradation. In vivo, it inhibited the growth of HepG2 tumors in both subcutaneous and orthotopic xenograft tumor models of HCC. The retinoblastoma protein, a key gene transcription regulator, is frequently lost in HCC due to various mechanisms, including loss of heterozygosity, epigenetic alterations, CDK activation, increased ubiquitinylation, and protein turnover, though its impact on HCC response to sorafenib remains unknown (271–276). Thus, Louandre and coleagues demnstrated that in human hepatocellular carcinoma cells, the retinoblastoma (Rb) protein controls the ferroptosis that sorafenib induces (277). The study found that HCC cells with reduced Rb levels show a two- to threefold increase in cell death induction when exposed to sorafenib. In Balb/c nude mice, sorafenib treatment led to complete tumor regression in 50% of treated animals. The Rb-negative status of HCC cells promotes ferroptosis, a form of oxidative necrosis, which is a key role of Rb in HCC cell response and ferroptosis regulation. Another investigation conducted by Suzuki and colleagues indicated that in hepatocellular carcinoma, GLS2 inhibits tumor growth and controls the process of ferroptosis (278). The study revealed that deficiency in GLS2 can lead to resistance to ferroptosis in human cancer cells, cells from Gls2 knockout mice,. GLS2 increases lipid reactive oxygen species production in order to enhance ferroptosis, by changing glutamate into α-ketoglutarate. By expressing a catalytically inactive version of GLS2 or by preventing ferroptosis, the effect of ectopic expression of WT GLS2 on tumor size in a human hepatic adenocarcinoma model was neutralized. GLS2-mediated regulation of ferroptosis is also involved in human tumor suppression.

Solanum melongena’s major glycoalkaloids, solamargine and solasonine, have potential as anticancer drugs with mild side effects (279, 280). Solasonine has been found to inhibit human colorectal cancer cell progression and lung carcinoma cell invasiveness (281, 282), but its efficacy for treating HCC remains unclear. Therefore, Jin and co-workers indicated that Solasonine enhances hepatoma carcinoma cell ferroptosis by destroying the glutathione redox system in a glutathione peroxidase 4-induced manner (283). Solasonine significantly inhibited the proliferation of HepG2 and HepRG cells, suppressing tumor volume and weight in a mouse xenograft model. Metabolomics analysis revealed that solasonine’s effects on glutathione metabolism, including GPX4 and GSS, were responsible for preventing ferroptosis, a key factor in cell death. Solasonine increased lipid ROS levels in HepG2 cells by suppressing GPX4 and GSS, but using a ferroptosis inhibitor reversed solasonine-induced ROS production and cell apoptosis. Furthermore, Mei and colleagues illustrated that the Aggressiveness of Hepatocellular Carcinoma Cells in Vitro Is Inhibited by Rhamnazin via Glutathione Peroxidase 4-Dependent Ferroptosis (284). It was discovered by researchers that rhamnazin inhibits HCC cell proliferation and invasion, with ferroptosis playing a role in this influence. HCC cells were recognized as having elevated concentrations of reactive oxygen species, lipid peroxidation, and iron content. Overexpression of GPX4 inhibited the rhamnazin-induced ferroptotic cell death in which it was discovered to be implicated. Figure 5 provides an overview of ferroptosis in HCC. Table 2 summarizes the role of ferroptosis in HCC progression.
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Figure 5 | The schematic representation of ferroptosis in hepatocellular carcinoma (285).

Table 2 | The regulation of ferroptosis during HCC progression.
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12 The interplay of autophagy and ferroptosis in the tumor immune microenvironment of hepatocellular carcinoma

Autophagy and ferroptosis play complex and interrelated roles in the tumor immune microenvironment of liver cancer. Autophagy, a cellular degradation and recycling mechanism, can both provide necessary nutrients and energy to tumor cells under nutrient-deficient and stressful conditions, promoting their survival, and induce tumor cell death by degrading oncogenic proteins or damaged organelles, thereby inhibiting tumor growth (330, 331). Additionally, autophagy regulates immune cell functions, enhancing or suppressing immune responses. For example, it can boost the antigen-presenting ability of dendritic cells or promote immune evasion of tumor cells by modulating immune checkpoint expression. Autophagy also influences tumor progression and the immune microenvironment by regulating inflammatory responses and cytokine secretion (332). Ferroptosis, a form of cell death induced by iron-dependent lipid peroxidation, involves triggering iron-dependent lipid peroxidation within cells, leading to membrane damage and cell death, serving as an anti-tumor strategy to inhibit liver cancer progression. The occurrence of ferroptosis can release tumor antigens and inflammatory mediators, activating anti-tumor immune responses. It promotes dendritic cell maturation and antigen presentation, activating T cells’ anti-tumor activity, and alters the tumor microenvironment to attract immune cell infiltration, enhancing local immune responses. Additionally, ferroptosis can disrupt tumor cells’ immune evasion mechanisms by reducing the expression of immune checkpoint proteins on tumor cell surfaces, increasing their susceptibility to immune attacks (333, 334). In summary, autophagy and ferroptosis complement each other in the tumor immune microenvironment of liver cancer. Autophagy exerts dual roles under different conditions, promoting tumor cell survival and inhibiting tumor growth, while ferroptosis primarily inhibits tumor progression by inducing tumor cell death and activating immune responses. In future liver cancer treatments, modulating the mechanisms of autophagy and ferroptosis may become a new therapeutic strategy, capable of directly killing tumor cells and enhancing the body’s anti-tumor immune responses.

CISD2 exhibited higher expression in HCC cells than in normal cells and correlated with poorer patient prognosis (335). Reducing CISD2 levels decreased the viability of drug-resistant HCC cells and enhanced their sensitivity to sorafenib-induced ferroptosis. Increases in ROS, MDA, and iron ions were observed following CISD2 knockdown, while GSH levels remained stable. This knockdown also caused uncontrolled autophagy in the resistant HCC cells, which was mitigated when autophagy was inhibited, reducing the ferroptosis. The autophagy associated with CISD2 reduction was linked to Beclin1, and inhibiting both CISD2 and Beclin1 diminished the ferroptotic effects. ZFP36 is modulated by the ubiquitin ligase FBXW7/CDC4, which decreases ZFP36 levels, thereby facilitating ferroptosis (336). ZFP36 disrupts this process by destabilizing ATG16L1 mRNA, an essential autophagy-related molecule, effectively blocking ferroptosis. Enhancing ATG16L1 expression can counteract the effects of ZFP36, supporting autophagy and subsequent ferroptosis. Furthermore, genetic alterations that prevent ZFP36 from binding to ATG16L1 mRNA remove its ability to stabilize the mRNA and resist ferroptosis. Clinically, treatments like erastin and sorafenib, which induce ferroptosis in HSCs, have been effective in reducing liver fibrosis in mouse models and in patients with hepatocellular carcinoma undergoing sorafenib treatment. This highlights the therapeutic potential of targeting ZFP36-mediated pathways in liver disease management.




13 Conclusion

This review examines the development of both ferroptosis- and autophagy-related concepts in HCC and their application in treatment. Ferroptosis is crucial in cancers, particularly HCC, with sorafenib causing ferroptosis that can be inhibited by Rb, NRF2, and MT-IG. Haloperidol promotes sorafenib-induced ferroptosis, offering a combination therapy strategy. CISD1 is a negative regulator in HCC, providing insight into iron metabolism. Lipid metabolism is also critical for ferroptosis in HCC, with LDL–DHA causing ferroptosis and ACSL4 being a monitor and contributor. Progress has been made in understanding ferroptosis in HCC, but detailed signal transduction pathways and key transcriptional regulators remain unknown. Moreover, autophagy plays a double role in HCC, inhibiting tumors and promoting the survival of HCC cells in the tumor microenvironment. Understanding the specific molecular mechanisms of autophagy in different stages of HCC can help develop therapeutic targets and overcome resistance to current therapies. Novel treatment strategies to reduce HCC metastasis and resistance may include targeted medicines that affect autophagy.

The paper adeptly examines the dual roles of autophagy and ferroptosis in the context of HCC, offering a comprehensive overview of the molecular mechanisms and pathways that regulate these processes. The interplay between non-coding RNAs and these cell death mechanisms highlights a complex regulatory network that can be harnessed to develop targeted therapies. The use of traditional Chinese medicine and novel drug targets to modulate these pathways showcases an integrative approach that blends conventional and contemporary cancer treatments, potentially opening new avenues for overcoming drug resistance in HCC. The synthesis of detailed biochemical pathways and clinical implications presents a thorough narrative that not only deepens the understanding of HCC’s pathological basis but also bridges the gap between bench research and bedside application. The exploration of signaling pathways such as PI3K/AKT/mTOR and the roles of miRNAs and lncRNAs in influencing autophagy and ferroptosis establishes a framework for targeted genetic and pharmacological interventions.

Future developments in the field could see the rise of genetic editing tools like CRISPR/Cas9 being employed to directly modify the genes involved in autophagy and ferroptosis pathways. By correcting or silencing specific oncogenes or tumor suppressor genes, researchers could develop more precise therapies that could prevent the progression of HCC or enhance the efficacy of existing treatments. The integration of artificial intelligence and machine learning in the analysis of big data from genomics and proteomics could lead to the identification of novel biomarkers and therapeutic targets for HCC. AI algorithms could help in designing personalized medicine approaches by predicting patient responses to certain therapies based on their genetic makeup and disease phenotype. The application of nanotechnology for drug delivery presents a promising avenue to improve the specificity and effectiveness of therapies targeting autophagy and ferroptosis. Nanoparticles could be engineered to deliver drugs directly to tumor cells, reducing side effects and improving drug stability and absorption. Exploring the interaction between cell death mechanisms and the immune system could lead to the development of novel immunotherapies. For instance, drugs that induce ferroptosis could be combined with immune checkpoint inhibitors to enhance the immunogenicity of cancer cells, making them more susceptible to immune-mediated destruction. More comprehensive and multicentric clinical trials will be essential to validate the safety and efficacy of new treatments that arise from this research. These studies will need to include diverse patient populations to ensure that the findings are widely applicable and effective across different genetic backgrounds and environmental factors. As new therapies are developed, particularly those involving genetic manipulation or novel drug compounds, regulatory frameworks will need to be adapted to ensure that these innovations are safely integrated into clinical practice. Ethical considerations, especially in genetic editing, will also require rigorous discussion and consensus. In the recent years, nanoparticles have also gained much attention in the treatment of human cancers (337). Therefore, the regulation of autophagy and ferroptosis by nanostructures in the treatment of HCC should be followed with more details.

In HCC, autophagy is intricately regulated by a series of interconnected pathways that include the PI3K/AKT/mTOR and AMPK/mTOR pathways, where activation of PI3K and AKT leads to mTOR inhibition, promoting autophagy under stress conditions. The autophagic process is initiated by the ULK1 complex and the Beclin-1 complex, which includes Class III PI3K and Vps34, essential for autophagosome formation. This process is further facilitated by autophagy-related (Atg) proteins that aid in the elongation and maturation of autophagosomes, crucial for cell survival, proliferation, and chemotherapy resistance. Conversely, ferroptosis in HCC is a regulated cell death mechanism driven primarily by iron metabolism and lipid peroxidation, which involves the accumulation of lipid peroxides that are catalyzed by cellular iron. The system Xc− plays a pivotal role by importing cystine for glutathione synthesis, which is used by GPX4 to reduce lipid peroxides, thus preventing ferroptosis. Additionally, the p53 signaling pathway can enhance ferroptosis by suppressing system Xc−, and the NRF2 pathway contributes to antioxidant defenses that inhibit ferroptosis. Interestingly, there is significant cross-talk between autophagy and ferroptosis; for instance, autophagy can promote ferroptosis by degrading ferritin, releasing free iron, and increasing oxidative stress within the cell, highlighting a complex interplay that influences HCC progression and treatment response.

HCC is characterized by a remarkable genetic diversity, which is influenced by a myriad of factors including genetic mutations, epigenetic modifications, and varying environmental exposures such as viral infections (particularly hepatitis B and C viruses), alcohol consumption, and aflatoxin exposure. These factors contribute to the diverse molecular landscapes of HCC, affecting the activation and inhibition of pathways like autophagy and ferroptosis differently in different patient populations. For example, genetic mutations in key regulators of autophagy such as ATG5 or BECN1 and alterations in the expression of components of the ferroptosis pathway like GPX4 and SLC7A11 can affect the susceptibility of HCC cells to therapies that target these pathways. Moreover, epigenetic modifications, including DNA methylation and histone modifications, can lead to the silencing or activation of genes involved in autophagy and ferroptosis, further complicating the therapeutic landscape. Environmental factors also interact with genetic and epigenetic mechanisms, influencing the metabolic and oxidative stress states within the liver, thereby modulating the effectiveness of treatments aimed at inducing specific types of cell death. Addressing this heterogeneity in future studies and reviews could enhance the understanding of why certain therapies may succeed or fail in different subgroups of HCC patients. It would be advantageous to integrate genomic, epigenomic, and environmental data in clinical trials to develop more personalized approaches in the treatment of HCC. This could potentially lead to the identification of biomarkers that predict response to therapies targeting autophagy and ferroptosis, ultimately improving patient outcomes by tailoring treatments according to individual genetic and environmental backgrounds.
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Hepatocellular carcinoma (HCC) is the most common primary liver cancer, affecting millions of people worldwide. Due to the complexity and variability of the disease, there are major challenges in the treatment of HCC in its intermediate and advanced stages; despite advances in various treatment modalities, there are still gaps in our understanding of effective therapeutic strategies. Key findings from several studies have shown that the combination of immunotherapy and targeted therapy has a synergistic anti-tumor effect, which can significantly enhance efficacy with a favorable safety profile. In addition, other studies have identified potential biomarkers of therapeutic response, such as tumor protein 53 (TP53) and CTNNB1 (encoding β-conjugated proteins), thus providing personalized treatment options for patients with intermediate and advanced hepatocellular carcinoma. The aim of this article is to review the recent advances in the treatment of intermediate and advanced HCC, especially targeted immune-combination therapy, chimeric antigen receptor T cell therapy (CAR-T cell therapy), and gene therapy for these therapeutic options that fill in the gaps in our knowledge of effective treatment strategies, providing important insights for further research and clinical practice.
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1 Introduction

Hepatocellular carcinoma is a common malignant tumor, ranking sixth and fifth in incidence globally and in China, respectively. It ranks among the top three in mortality and has long been recognized as a global challenge. HCC is the most common type of liver cancer, accounting for 75% to 80% of cases. Its incidence and mortality vary significantly across regions, which is closely related to risk factors such as viral hepatitis (e.g., hepatitis B and C), alcoholic and non-alcoholic cirrhosis, and fatty liver. Treatment options for HCC include surgical resection, percutaneous anhydrous ethanol injection, Transcatheter arterial embolization (TACE), ablative therapy, chemotherapy and liver transplantation (1). Early stage HCC can be completely cured by surgery, but about 70% of patients have progressed to an intermediate and advanced stage at the time of diagnosis and are unable to undergo surgery. Although liver transplantation is the most effective treatment for liver cancer, many patients fail to meet the Milan criteria and are therefore not eligible for transplantation (2). Therefore, there is an urgent need for more effective treatment options to improve the survival and quality of life of patients with intermediate and advanced HCC. With the deepening of HCC research, a variety of emerging therapeutic approaches, such as targeted immune-combination therapy and combined local and systemic treatment strategies, have begun to be applied clinically.

Common manifestations of intermediate and advanced HCC include tumor enlargement or increased lesions, which increase the complexity of traditional surgical procedures and sometimes make them unfeasible. Localized treatments such as radiofrequency ablation (RFA) and TACE have limited effect at this stage, and while they can mitigate tumor progression, they do not achieve a cure. Treatment of intermediate and advanced HCC has introduced new options, such as targeted agents for lenvatinib and immunotherapy with programmed cell death protein 1 (PD-1)/ligand for PD-1 (PD-L1) inhibitors, but not all patients will benefit; development of drug resistance during treatment may limit therapeutic options and lead to a poor prognosis. In addition, large tumors may further impair liver function, limiting the use of other therapies. HCC is prone to invade intrahepatic blood vessels, especially the portal vein, which increases the risk of cancer cell spread and decreases the likelihood of effective treatment, thereby worsening patient prognosis and making treatment more difficult. In summary, the existing treatment options for HCC are always unsatisfactory, therefore, new advances in the treatment of HCC can provide us with more new ideas on top of the existing multiple treatment options, and help us to solve the problem of HCC more effectively from multiple perspectives and multiple ways. The aim of this article is to analyze and evaluate the therapeutic strategies for intermediate and advanced HCC, including the efficacy, safety, and impact on survival of traditional and emerging approaches such as targeted and immunotherapy and their combinations. By integrating the latest scientific evidence, we seek new strategies to enhance patient survival and quality of life and provide guidance for the treatment of intermediate and advanced HCC.




2 Diagnosis and evaluation of hepatocellular carcinoma

The definitive diagnosis of HCC relies on imaging tests such as CT and MRI and tumor markers such as alpha-fetoprotein (AFP), while puncture pathology biopsy is the gold standard for diagnosis. The staging of HCC takes into account the size and number of the tumors, vascular invasion, the state of liver function, and whether or not the patient is experiencing cancer-related symptoms. Although there are various staging systems, such as the Barcelona Clinical Liver Cancer Staging (BCLC) system, the American Association for the Study of Liver Diseases (AASLD) guidelines, and the World Health Organization (WHO) staging system, the BCLC staging system is the most effective way of staging HCC. (3, 4), the BCLC staging system is the most widely used to guide HCC treatment decisions. In the BCLC staging system, early stage HCC refers to stage 0 and A, while intermediate to late stage HCC corresponds to stage B, C and D. Treatment choices need to be adjusted at each stage based on tumor characteristics, patient liver function, and general health. As research progresses, enhanced ultrasound (CEUS), Deoxycholine (DCP), and circulating tumor DNA (ctDNA) assays are also being used in the diagnosis of HCC. ctDNA analyzes DNA fragments released by tumor cells into the bloodstream, providing insight into tumor genetic variation and progression, which is potentially valuable for monitoring response to therapy and recurrence. (5) Treatment strategies and staging systems for HCC may be updated. Therefore, it is crucial to make treatment decisions based on the latest diagnostic criteria, clinical guidelines and research findings, which will help improve the outcome and survival of patients with hepatocellular carcinoma.




3 Status and problems of existing treatment programs



3.1 Traditional surgical treatment

Hepatectomy is the most common surgical treatment and is indicated when the tumor is confined to the liver and the patient’s remaining liver is functioning well. The goal of the surgery is to completely remove the tumor and a certain amount of surrounding normal liver tissue to ensure that the tumor is completely removed. The resection can range from a lobectomy (removal of a small portion of the liver) to a lobectomy or even a more extensive resection. Patients with intermediate and advanced HCC are often unable to undergo surgical treatment or complete removal of the lesions by hepatectomy because they have progressed to large tumors or multiple lesions that do not meet the indications for hepatectomy, and require adjuvant treatments such as preoperative neoadjuvant chemotherapy or postoperative radiotherapy.

Liver transplantation is another treatment option for patients who cannot undergo liver resection because of the location of the tumor or insufficient liver function. Liver transplantation allows for complete removal of the tumor-containing liver and replacement with a healthy donor liver. However, this approach has specific indications and limitations due to the limited availability of donor livers and the requirement for patients to be on long-term immunosuppression (6). Despite significant advances in imaging techniques, minimally invasive surgery, postoperative management, and liver transplantation, the conventional surgical treatment of HCC still faces the challenges of low early diagnosis rates, high postoperative recurrence rates, shortage of donor livers, and difficulty in individualizing treatment. Future directions for development include improving early screening techniques, exploring new therapeutic approaches, and enhancing individualized treatment to further improve the prognosis and survival quality of HCC patients.




3.2 Conventional radiotherapy

The traditional radiotherapy for HCC is external radiotherapy, i.e., CT is used to locate the lesion, and then the radiation generated by radiotherapy equipment irradiates the tumor area from outside the body, thus achieving the purpose of killing cancer cells. However, due to the large size of the liver and rich blood supply, ordinary radiotherapy is more damaging to the liver and other surrounding organs, so it is less applied to HCC patients. Conventional radiotherapy for HCC has made significant progress in technological advances, image guidance, particle therapy and combined therapy, which has improved the precision and effect of treatment. However, challenges such as liver sensitivity to radiotherapy, individual patient differences, high equipment costs, radiotherapy side effects, and long-term efficacy and recurrence are still faced. The future direction of development is to further improve radiotherapy precision, optimize individualized treatment plans, reduce side effects and validate long-term efficacy.




3.3 Conventional chemotherapy

Traditional chemotherapeutic drugs such as anthracyclines that can be embedded in DNA base pairs, increasing the distance between base pairs, causing DNA cleavage, interfering with the transcription process and preventing mRNA synthesis. (7) Platinum drugs that can interfere with the replication of DNA in tumor cells, thus killing tumor cells. (8) Fluorouracil, which can inhibit DNA replication competitively to achieve the effect of tumor treatment. (9) The use of platinum-based drugs in the treatment of HCC has been limited primarily because HCC has a low response rate to chemotherapeutic agents and patients may not tolerate chemotherapy-induced side effects. Although chemotherapy continues to have value as an adjuvant treatment option in some cases, the treatment of HCC has expanded with improvements in new strategies and therapies, such as targeted therapy and immunotherapy, which offer more options and hope for patients. Each patient’s condition is unique and therefore requires a customized treatment plan, and future directions for conventional chemotherapy include developing novel chemotherapeutic agents and delivery technologies, optimizing individualized treatment regimens, and exploring effective combinations of chemotherapy with other therapeutic approaches to enhance patient survival and quality of life.




3.4 Transcatheter arterial embolization

TACE is a widely used local treatment for patients with intermediate and advanced HCC. It involves the injection of chemotherapeutic drugs into the blood supply arteries of the tumor and the subsequent blockage of these vessels with embolic material, thereby cutting off the blood supply to the tumor and triggering tumor cell death. (10) TACE is not a surgical treatment in the traditional sense, but is an important interventional treatment when dealing with unresectable tumors. Chemotherapeutic drugs and embolic agents are delivered through a catheter directly to the arteries supplying blood to the tumor in order to cut off the tumor’s blood supply and directly kill the tumor cells. TACE is more commonly used in the treatment of intermediate and advanced HCC, but is used in selected early stage patients as a Bridge Therapy to maintain the tumor status until liver transplantation is performed.




3.5 Radioactive particle therapy or selective internal radiation therapy

SIRT is a minimally invasive treatment that targets tumors by injecting radioactive microspheres (90Y microspheres) through the hepatic artery. SIRT is based on the principle that liver tumors rely on the hepatic artery for their blood supply, whereas normal liver tissue is supplied by the portal vein. Tiny radioactive microspheres injected into the hepatic artery can be transported directly to the tumor tissue and work in the tumor’s microvessels. (11–13) The radiation is delivered directly to the tumor tissue and works in the tumor’s microvessels. This method limits the radiation to the vicinity of the tumor and kills the tumor cells directly, while limiting the radiation exposure to healthy liver tissue to a minimum to minimize damage to normal tissue.




3.6 Microwave ablation, radiofrequency ablation, cryoablation, and chemical ablation

MWA and RFA are techniques that destroy tumor cells through localized heating. Microwave ablation (MWA) uses electromagnetic waves, usually at frequencies between 900 MHz and 2.45 GHz, to generate heat. When microwave energy is absorbed by the tissue, it causes water molecules to vibrate rapidly, generating heat, which leads to cell death and tissue necrosis (14). RFA uses radiofrequency energy (usually in the range of 350-500 kHz) delivered through a fine needle electrode into the tissue to generate heat. This thermal energy causes cellular proteins to coagulate and denature, which leads to tumor tissue necrosis (15). Although not strictly surgical, MWA and RFA also play an important role in the treatment of early HCC. These methods ablate tumor tissue by local heating and are indicated for patients with smaller (usually less than 3 cm) and fewer tumors, especially those who are not candidates for surgical resection. In general, MWA may be a better choice for larger tumors or tumors in vascular-rich areas because it can produce a larger ablation area and is less affected by the cooling effect of blood flow. RFA, on the other hand, may be more appropriate for smaller or location-specific tumors, where precise control is needed to minimize damage to surrounding healthy tissue. Cryoablation (freezing and ablation) utilizes a freezing agent, such as liquid nitrogen or argon, which is introduced directly into the tumor site by means of a probe that rapidly cools the tumor tissue to a very low temperature (usually below -20°C) and then thaws it. The rapid cycles of freezing and thawing lead to the formation of ice crystals inside and outside the tumor cells, damaging cell membranes and organelles and thus causing cell necrosis. Chemical ablation usually uses chemicals such as alcohol (ethanol) or acetic acid. These chemicals are injected into the tumor tissue by causing cell dehydration, protein denaturation, and cell necrosis. However, cryoablation and chemical ablation have limited effect on larger or multiple tumors; and may cause damage to normal surrounding tissues during treatment, especially if the tumor is near important blood vessels or bile ducts, leading to local pain, inflammation, and other complications.




3.7 Systemic treatment



3.7.1 Targeted therapy

Targeted therapy focus on specific molecules and signaling pathways in tumor cells that play a key role in tumor growth, spread and angiogenesis. Compared to traditional chemotherapy, targeted therapy aims to hit cancer cells more precisely while reducing damage to normal cells. Commonly used drugs in targeted therapy for HCC include Sorafenib and Lenvatinib. Sorafenib, as the first approved multikinase inhibitor, directly inhibits tumor cell proliferation by blocking the cell signaling pathway mediated by RAF/MEK/ERK, and indirectly inhibits tumor cell growth by inhibiting tumor neovascularization through inhibition of vascular endothelial growth factor receptor (VEGFR) and platelet-derived growth factor (PDGF) receptors (16). Lenvatinib is a multi-receptor tyrosine kinase inhibitor, targeting multiple receptors such as VEGFR1-3, fibroblast growth factor receptor (FGFR1-4), PDGFRα, rearranged during transfection (RET), and receptor tyrosine kinase (KIT), which enhances the infiltration of NK cells into tumors and their cytotoxicity, and promotes the expression of cytotoxicity factors in tumor tissues to exert anti-tumor effects. factor expression in tumor tissues and thus exert anti-tumor activity (17) Targeted therapy can be used either alone or in combination. Targeted therapy can be used alone or in combination with other therapies (e.g., surgery, radiotherapy, or chemotherapy) to improve the therapeutic effect. Although targeted therapy has fewer side effects than conventional chemotherapy, it may still cause some adverse reactions, such as rash, high blood pressure, fatigue, and liver function abnormality (18). Therefore, regular monitoring of patient health and tumor response is needed to adjust the treatment regimen in a timely manner.




3.7.2 Immunotherapy

Immunotherapy is a relatively new treatment that aims to use the patient’s own immune system to recognize and attack cancer cells. Unlike traditional treatments such as surgery, chemotherapy and radiation therapy, immunotherapy aims to enhance or restore the immune system’s natural defenses against tumors. Immunotherapy for liver cancer mainly includes immune checkpoint inhibitors and other immunomodulators.

Immune checkpoint inhibitors are the focus of current immunotherapy research in hepatocellular carcinoma, and they generate tumor immune responses by blocking the immune evasion mechanism utilized by tumor cells, disarming the immunosuppressive effect, activating T cell function, and enhancing the immune surveillance and killing ability of T cells against tumors (19) Tumor immune response. Common immune checkpoints include PD-1, PD-L1, and cytotoxic T lymphocyte-associated protein 4 (CTLA-4). Immune checkpoint inhibitors currently approved for the treatment of HCC include PD-1/PD-L1 inhibitors (e.g. sindilizumab and karelizumab, among others) and CTLA-4 inhibitors (e.g., terelizumab) that have been shown to be effective in certain patients with intermediate and advanced HCC (20) that recognize and kill cancer cells by activating the body’s immune system. In addition, for example, CD47, as an important immune escape molecule, binds to SIRPα on macrophages and prevents macrophages from phagocytosing cancer cells; CD24 interacts with Siglec-10 on macrophages and provides inhibitory signals to prevent phagocytosis; and the ability of the immune system to remove tumor cells can be significantly enhanced by blocking the CD47-SIRPα/CD24-Siglec-10 pathway. immune system’s ability to clear tumor cells (21) which is a key target in cancer therapy.

The choice of immunotherapy is usually based on the patient’s specific circumstances, including the characteristics of the tumor, the patient’s overall health, and prior treatments received. Immunotherapy can be used as a first- or second-line treatment option or in combination with other treatments, such as targeted therapy.

Side effects of immunotherapy may differ from those of conventional treatment, including immune-related side effects such as rash, enteritis, hepatitis, and endocrine abnormalities (22). Therefore, the patient’s health needs to be closely monitored during treatment to detect and manage these potential side effects in a timely manner.





3.8 Supportive therapy

Supportive care refers to a range of therapeutic measures aimed at improving patients’ quality of life, relieving symptoms and reducing side effects associated with cancer treatment. This treatment does not directly target the tumor itself, but rather focuses on the overall well-being of the patient, including pain management, nutritional support, psychosocial support, and management of treatment-related complications (23). For patients with intermediate and advanced liver cancer, supportive care also includes the provision of end-stage care to ensure that patients are cared for with dignity and comfort in the final stages of life. End-stage care focuses on symptom control, psychological and emotional support, and the provision of necessary information and resources for patients and families.

The treatment of intermediate and advanced HCC faces multiple challenges, including extensive tumor spread and limited liver function in patients. Although TACE and systemic therapies such as lenvatinib provide some survival benefit to standard treatment, problems such as limited efficacy and side effects remain. Treatment strategies are becoming increasingly personalized with a better understanding of disease mechanisms and the development of new therapeutic approaches. A combination of different therapeutic approaches can provide the best possible outcome for patients, while emerging treatment strategies and clinical trials offer hope for improving patient prognosis. In the field of intermediate and advanced HCC treatment, significant research advances have been made in recent years, and future therapeutic directions are unfolding.





4 Research progress on the latest treatments



4.1 New advances in targeted therapy

Discovery of new targets: with the deeper understanding of the molecular mechanisms of HCC, the discovery of new targets has facilitated the development of second-generation targeted drugs. These include ramucirumab, an antibody to VEGFR-2; cabozantinib and regorafenib, inhibitors of multiple tyrosine kinases such as mesenchymal-epithelial transition factor (MET), VEGFR2 and RET (24) The RESORCE trial showed (25) that regorafenib significantly prolonged overall survival in HCC patients who failed sorafenib therapy. Niraparib: Niraparib is a polyadenosine diphosphate ribose polymerase (PARP) inhibitor that targets the DNA repair pathway (26), has demonstrated potential therapeutic efficacy in a subset of HCC patients and is currently undergoing extensive clinical studies.

In addition new therapeutic targets are being discovered, for example, new targeted drugs against signaling pathways such as fibroblast growth factor 19(FGF19), MET and VEGF (27) are being developed and tested. These drugs aim to overcome the limitations of earlier drugs, such as improving efficacy, reducing side effects, and addressing drug resistance; however, their research is still ongoing and their efficacy and safety need to be confirmed in additional clinical trials.




4.2 Expansion of immunotherapy

Combination Immunotherapy: The combination of PD-1/PD-L1 and CTLA-4 inhibitors has demonstrated superior efficacy enhancement in a variety of cancer treatments. Specifically, the combination of Nivolumab and Ipilimumab combines the mechanisms of action of both PD-1 and CTLA-4 immune checkpoint inhibitors. This strategy aims to significantly enhance the immune response against tumors by simultaneously disarming two inhibitory sites on T cells. This innovative combination is based on the results of the Phase I/II CheckMate-040 Cohort 4 trial. (28) This innovative combination regimen is based on the results of the Phase I/II CheckMate-040 cohort 4 trial, which demonstrated significant efficacy in a subset of HCC patients and has been approved in several regions for the treatment of patients with intermediate and advanced HCC who have received prior therapy (29).

New immune checkpoint inhibitors: including Relatlimab, which targets the lymphocyte activation gene 3 (LAG-3), which significantly enhances immune responses to tumors by activating T cells through inhibition of LAG-3 (30) A phase II trial of PD-1 in combination with LAG-3 is underway (https://clinicaltrials.gov/ct2/show/NCT04567615). T-cell immunoreceptor photoprotein (TIGIT), a key immune checkpoint, is involved in regulating immune response. By inhibiting TIGIT, the ability of the immune system to fight against tumors can be strengthened, and inhibitors related to this are currently under development (31). Meanwhile, studies on other immune checkpoints such as T-cell immunoglobulin domain and mucin domain 3 (TIM-3) and V-domain Ig suppressor of T cell activation (VISTA) are also underway (32) that these molecules play a crucial role in regulating T cell activity and promoting a broad immune response.

Regulation of the tumor microenvironment (TME): the tumor microenvironment includes immune cells, mesenchymal stromal cells, extracellular matrix (ECM), angiogenesis, and various signaling molecules that provide important support for tumor growth, metastasis, and immune evasion. There are current studies regulating tumor-associated macrophages (TAMs): by targeting TAMs with specific molecules or antibodies, it is possible to shift them from a tumor-promoting phenotype to an anti-tumor phenotype, enhancing the immune system’s ability to clear tumors. Unstiffening the ECM: stiffening and reorganization of the ECM promotes tumor proliferation and metastasis. The use of drugs that alter the composition of the ECM or degrade ECM components can reduce the invasiveness and metastatic ability of tumor cells. Targeting cancer-associated fibroblasts (CAFs) to inhibit the activity of CAFs: CAFs promote tumor growth and immune evasion by secreting growth factors and cytokines. Targeting CAFs reduces their tumor-supporting effects (33).




4.3 Research on combination therapies



4.3.1 Targeted immune-combination therapy

Research by Richard S Finn et al. has shown (34) that targeted drugs can alter the TME to make tumors more readily recognized and attacked by the immune system, making the use of targeted therapy in combination with immunotherapy a promising direction. For example, the combination of Atezolizumab and Bevacizumab: Bevacizumab targets VEGF, which blocks tumor angiogenesis, while atezolizumab enhances the immune system’s attack on cancer cells by blocking PD-L1. This combination therapy has been shown to have significant efficacy in untreated patients with intermediate and advanced HCC in multiple clinical trials (35) and has been approved as a first-line treatment option for such patients.

Combination of Lenvatinib in combination with Carrelizumab and Lenvatinib in combination with Sintilimab: the angiogenesis inhibitory effect of Lenvatinib combined with the immune-boosting effect of Carrelizumab/Sintilimab may improve the microenvironment. As shown in Figure 1, Lenvatinib can improve the tumor microenvironment and make it more conducive to immune system attack by targeting angiogenesis and enhancing the anti-tumor activity of T cells. In addition, there is an increase in response rate: combination therapies may improve tumor response rate to treatment and prolong progression-free survival (PFS) and overall survival (OS). This combination therapy could theoretically improve the outcome of HCC (36), and its efficacy and safety are being evaluated through clinical trials.

[image: Diagram illustrating the interaction of Lenvatinib and PD-1/PD-L1 inhibitors in liver cancer treatment. It shows how Lenvatinib affects monocytes, TAMs, and the VEGF pathway, while PD-1/PD-L1 inhibitors act on HCC, CD8+ CTL, and T-reg cells, highlighting immune modulation processes.]
Figure 1 | Mechanisms of Lenvatinib in combination with PD-1 Inhibitors for the treatment of HCC (Created with MedPeer).




4.3.2 Combination of local and systemic therapy

Hepatic arterial infusion chemotherapy (HAIC) combined with lenvatinib: significant progress in the study of hepatic arterial infusion chemotherapy combined with targeted therapy and immunotherapy in recent years. Yu Haidong et al. (37)  demonstrated that hepatic arterial infusion chemotherapy combined with lenvatinib showed good safety and preliminary efficacy in the treatment of stage B or C HCC.

TACE and its combination regimens: a study has (38) confirmed that TACE combined with HAIC has better therapeutic benefit in patients with HCC with portal vein cancer thrombosis and in patients with giant unresectable HCC. In 2022, a multicenter real-world study conducted by Hong Korea’s team (39) A multicenter real-world study conducted by Hong’s team in Korea in 2022 confirmed that lenvatinib in combination with DEB-TACE was well tolerated and safe, and had advantages over lenvatinib monotherapy in improving OS, PFS, and ORR in patients with intermediate- and advanced HCC. The study and meta-analysis by Hu Zexin et al. (40) Hu Zexin et al.’s study and meta-analysis also confirmed that TACE combined with MWA was superior to TACE alone in improving OS and had a better prognosis for patients with HCC >5 cm. 2023, CHANCE001 study published the results of TACE combined with lenvatinib (41, 42) published results that the triple combination regimen of TACE in combination with lenvatinib and karelizumab showed potential benefits in the treatment of intermediate and advanced HCC, providing a possible combination therapy strategy.






5 Future prospects and challenges

Intermediate and advance HCC Research in the treatment area is advancing rapidly with promising future directions involving new therapeutic approaches, more precise molecularly-targeted therapies and immunotherapeutic strategies, and personalization of treatment. Below are some of the key research advances and possible future directions for treatment:



5.1 Precision medicine



5.1.1 Personalized therapy based on molecular signatures

By analyzing key genes and proteins in HCC, such as TP53 (which is closely associated with hepatocellular carcinoma development), CTNNB1 (which is key to the Wnt/β-catenin signaling pathway, and whose mutation promotes tumor growth), and TERT the catalytic subunit of telomerase reverse transcriptase (TERT, whose mutation in the promoter region promotes cellular immortalization), and heat Shock Protein (HSP70, high expression levels correlate with tumor aggressiveness and poor prognosis), allowing individualized treatment plans to be tailored for each patient (43).




5.1.2 Application of biomarkers

In addition to conventional indicators such as AFP, new biomarkers are being developed and validated to more accurately predict treatment response and monitor disease progression. For example, the ALBI score is a novel scoring method for evaluating liver function (44), which eliminates the influence of some subjective factors and quantifies the extent of liver damage by bilirubin and albumin levels. It is calculated as (log10 bilirubin) × 0.66 + (-0.085 × albumin); ALBI grade 1: ≤ -2.60, minor liver damage; ALBI grade 2: -2.60 < ALBI ≤ -1.39, moderate liver damage; ALBI grade 3: ALBI > -1.39, severe liver damage.





5.2 Exploration of new treatments



5.2.1 CAR-T cell therapy

CAR-T therapy represents a revolutionary advance in cancer treatment (45). The therapy works by extracting a patient’s T-cells, genetically engineering them in the laboratory to give them the ability to recognize and destroy cancer cells, and then injecting these modified T-cells back into the patient. CAR-T therapy is primarily used to treat specific blood cancers, and although its use in solid tumors is still in the exploratory phase, research is actively underway for HCC. For HCC, early stage clinical trials are exploring new targets (46) such as glycoprotein 3 (GPC3) - a molecule that is highly expressed on most HCC cells, as a potential therapeutic target (47) GPC3 is the first molecule that is highly expressed on most HCC cells and is a potential therapeutic target. (48) Constructed GPC3-targeted CAR-T cells for the first time and demonstrated that GPC3-targeted CAR-T cells can effectively inhibit the growth of HCC cells both in vitro and in vivo, which may open new pathways for treatment This may open a new pathway for treatment.




5.2.2 Tumor vaccines

By activating the immune system, especially T cells, tumor vaccines are able to recognize and attack cancer cells while minimizing damage to healthy cells. Current tumor vaccines fall into the following main categories: tumor cell-based vaccines, which use the patient’s own or another person’s tumor cells that have been specially treated to enhance the immune response. Peptide-based vaccines, on the other hand, use specific protein fragments (peptides) selected from tumor-associated antigens to trigger an immune response to those antigens. DNA and RNA vaccines are designed to stimulate the immune system’s response to specific tumor antigens by injecting DNA or RNA containing the genes that code for those antigens. Viral vector vaccines use modified viruses to carry tumor antigen genes into the body and activate an immune response against the tumor. For HCC, research is underway to develop vaccines that target specific antigens to activate the patient’s immune system against the tumor.




5.2.3 RNA interference, CRISPR/Cas9 and circRNAs

RNA interference is a technique that utilizes small molecule RNA (e.g., small interfering RNA, siRNA) to silence the expression of specific genes. By designing siRNAs with specific sequences, the expression of specific genes in tumor cells can be specifically reduced or inhibited, thereby blocking molecular pathways associated with HCC tumor growth, invasion, or drug resistance (49).

CRISPR/Cas9 is a gene editing technology that enables precise cleavage and modification in the cellular genome. CRISPR/Cas9 technology shows a wide range of prospects for application in the field of HCC research and therapy: 1. Knocking out or adding specific genes to investigate their role in HCC progression; 2. Repairing oncogenic mutations in HCC cancer cells or enhancing the ability of immune cells to form new therapeutic strategies; 3. as a gene therapy tool to directly correct diseased genes in patients, providing possible cures (50). Using these gene editing techniques to target tumor promoters or repair tumor suppressor genes provides new strategies for HCC treatment.

The study of circRNAs in HCC shows great potential to influence the occurrence and development of HCC by regulating gene expression, interaction with proteins, and translation into small peptides. circRNAs’ high stability makes them potential markers for the diagnosis and prognosis of HCC. Currently, there are studies utilizing RNA interference technology to target degradation of oncogenic circRNAs and to develop circRNA-based drug delivery systems. (51) However, the challenges of specificity, safety and efficient delivery of circRNAs need to be further studied and solved. With technological advances, circRNAs are expected to become an important tool in the treatment of HCC.




5.2.4 Nanotechnology

The surface of nanoparticles can be chemically modified by attaching various ligands (e.g. antibodies, peptides or small molecules) to enhance their targeting properties so that they can recognize and bind to specific cancer cells, and thus can be widely used as drug carriers to deliver chemotherapeutic drugs or targeted drugs directly to the tumor region, e.g. hydrogels, macrogels etc. Such targeted delivery can significantly reduce the damage of drugs to healthy tissues, enhance the targeting effect of drugs and reduce their toxic side effects. In addition, magnetic nanoparticles can generate heat under the action of an external magnetic field, and this technology has been applied to magnetothermal therapy. (52) This technology has been applied to magnetothermal therapy. The heat generated in this way selectively destroys tumor cells while minimizing damage to surrounding normal tissue.




5.2.5 Artificial intelligence

AI can use deep learning algorithms to analyze imaging data (e.g., CT, MRI, and ultrasound) to help physicians more accurately identify and locate lesions, improving diagnostic accuracy and efficiency. AI can also analyze clinical data, pathology images, and genomic data to predict the survival, recurrence risk, and therapeutic response of HCC patients to inform personalized treatment. In addition, AI can monitor HCC patients’ disease changes using patients’ clinical data and biomarkers to detect recurrence and metastasis in a timely manner and guide subsequent treatment and management utilization.




5.2.6 Multidisciplinary team

MDT emphasizes collaboration between experts in the fields of oncology, hepatology, radiology, pathology, and basic sciences for patients with HCC to consider and analyze the condition from multiple perspectives and to understand and treat HCC in an integrated manner.






6 Conclusion

The treatment of intermediate and advanced HCC is a complex and multifaceted field that requires continuous research and innovation to improve patient survival and quality of life. Current research advances have shown that combination therapeutic strategies, especially targeted immune-combination therapy, offer new hope for patients with intermediate and advanced HCC. Future research needs to further explore the optimal combination, dosage and treatment plan of these therapies, as well as patient-individualized treatment plans to achieve the best possible treatment outcome. In addition, for new therapies for intermediate and advanced HCC, although CAR-T therapy, circRNAs therapy and nanotechnology have shown good results for tumors, there are off-target effects, non-specific responses and safety issues that need to be further addressed to improve the overall effectiveness of HCC treatment.
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Objective

Comparing the efficacy of transarterial chemoembolization (TACE) combined with lenvatinib plus tislelizumab (TLT) with TACE combined with lenvatinib (TL) for unresectable hepatocellular carcinoma, particularly in determining which patients can benefit more from the TLT treatment.





Methods

From March 2021 to September 2023, a total of 169 patients from three centers were included in this study, with 103 patients receiving TLT and 66 patients receiving TL. The Kaplan-Meier method was utilized to evaluate the cumulative overall survival (OS) and progression-free survival (PFS) between the two groups and were assessed using the log-rank test. Subgroup analysis on tumor number, maximum tumor diameter, presence of portal vein thrombosis, AFP level, and Child-Pugh class were conducted.





Results

The median OS was 26 months in the TLT group, and 20 months in the TL group. The median PFS was 14 months in the TLT group and 9 months in the TL group. The Kaplan-Meier curve demonstrated a significantly superior OS and PFS in the TLT group compared to the TL group. Subgroup analysis showed that for patients with a maximum tumor diameter greater than 7 cm, AFP > 400 ng/ml and accompanied by portal vein tumor thrombus, and Child-Pugh class A, there was a statistically significant difference in OS between TLT and TL groups.





Conclusions

OS and PFS were significantly improved in patients who received TLT compared to those who received TL, patients with a largest tumor diameter greater than 7 cm, AFP > 400 ng/ml, Child-Pugh class A and PVTT appeared to derive more benefit.
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Introduction

Hepatocellular carcinoma (HCC) is the most common pathological type of primary liver cancer and is also the main cause of tumor-related deaths (1). Treatment methods for hepatocellular carcinoma include surgical resection, ablative therapy, transarterial chemoembolization (TACE), and systemic therapy (2). Systemic therapy has made rapid progress in recent years, with the application of tyrosine kinase inhibitors (TKI), anti-vascular endothelial growth factor (anti-VEGF) agents, programmed death 1 (PD-1) inhibitors and programmed death ligand 1 (PD-L1) inhibitors in clinical (3–9). A non-inferiority study conducted in 2018 demonstrated similar efficacy between lenvatinib (a tyrosine kinase inhibitor) and sorafenib in the treatment of advanced HCC (3). Therefore, lenvatinib has been approved as a first-line therapy and has achieved relatively satisfactory outcomes. In the IMbrave150 trial, the combination of atezolizumab (a PD-L1 inhibitor) and bevacizumab (an anti-VEGF antibody) showed superior overall survival and progression-free survival outcomes compared to sorafenib in patients with unresectable HCC (5). A study of lenvatinib plus pembrolizumab (a PD-1 inhibitor) in patients with unresectable hepatocellular carcinoma showed that lenvatinib plus pembrolizumab has promising antitumor activity (10).

However, the prognosis of advanced HCC is still poor. In order to improve the therapeutic efficacy, some researchers have started using combined local treatment with systemic therapy to treat advanced HCC (11–14). A phase III randomized clinical trial showed that combining TACE and lenvatinib is safer and more effective treatment for patients with advanced HCC compared to lenvatinib monotherapy (15). Some studies have shown that the combination of TACE with lenvatinib and PD-1 inhibitors can significantly improve the survival of HCC patients (16–19). These studies confirm the definite efficacy of local treatments combined with systemic treatment for advanced HCC. However, most previous studies have focused on the combination of TACE with lenvatinib and PD-1 inhibitors, with few studies specifically focusing on a single PD-1 inhibitor.

Tislelizumab has been to be used in HCC patients in recent years. However, additional evidence is required to establish whether TACE combined with lenvatinib and tislelizumab offers superior outcomes compared to TACE combined with lenvatinib. Moreover, detailed subgroup analyses are still needed to identify patients who may benefit more from the triple therapy.

Therefore, this study aims to further validate the efficacy of TACE combined with lenvatinib plus tislelizumab by conducting a multicenter cohort analysis of advanced HCC patients who received TACE combined with lenvatinib with or without tislelizumab.





Methods

The Ethics Board of the First Hospital of Shanxi Medical University, Shanxi Cancer hospital and National Cancer Center approved this retrospective study. Since the study was conducted retrospectively and involved anonymous data, the requirement for informed consent from each patient was waived.




Patients

The detailed medical records of hepatocellular carcinoma patients who received TACE plus lenvatinib with or without tislelizumab were collected at the First Hospital of Shanxi Medical University, Shanxi Cancer Hospital and National Cancer Center from March 2021 to September 2023. All patients included in the study were diagnosed through image-guided needle biopsy or non-invasive criteria. The non-invasive diagnostic criteria consist of three key factors. Firstly, patients had a documented history of liver cirrhosis. Secondly, the tumor size of ≥1cm in diameter. Lastly, there should be noticeable arterial enhancement followed by subsequent washout in the venous or delayed phase, as observed through dynamic magnetic resonance imaging or enhanced computed tomography (20).

The inclusion criteria for this study were as follows: 1) at least one measurable lesion, 2) patients unable to undergo surgical resection, 3) patients with no prior history of systemic treatment including immunotherapy or TKI therapy, 4) patients with a Child-Pugh classification of A or B, and 5) patients with an Eastern Cooperative Oncology Group Performance Status (ECOG-PS) score of 0-1. The exclusion criteria included patients with autoimmune diseases, acute infectious lesions, and the concurrent presence of other malignancies.





TACE procedure

TACE procedures are performed by doctors with over 10 years of experience in interventional radiology. The TACE procedure is conducted under local anesthesia with guidance from digital subtraction angiography. After puncture, a 5F catheter is advanced to perform hepatic artery angiography to identify the tumor’s supplying arteries. To identify all tumor-supplying arteries, it may be necessary to perform diaphragmatic artery angiography, mesenteric artery angiography, and intra-thoracic artery angiography. Once the tumor-supplying arteries were identified, a microcatheter was used for super-selective catheterization of the tumor supplying arteries. After confirming the angiographic findings, embolization was performed. Iodized oil (Lipiodol; Guerbet, France) mixed with epirubicin (50 mg/m2) or drug-eluting microspheres mixed with epirubicin (40-80 mg) were used for embolization (21). If necessary, supplemental embolization can be performed using gelatin sponge particles or additional microspheres. Repeat angiography was performed after embolization. Patients should undergo a follow-up examination with enhanced CT or dynamic enhanced MRI at 4-6 weeks to evaluate the degree of lesion necrosis, the presence of new lesions, liver function status, and physical condition to assess the need for repeat TACE.





System therapy protocol

Patients were administered lenvatinib orally within 2-5 days after TACE at a daily dose of 12 mg if they had a body weight greater than 60 kg, or 8 mg for those with a body weight was less than 60 kg. Some patients also received an intravenous dose of 200 mg of tislelizumab on day 1 of each 21-day therapy cycle.





Follow-up

Follow-up visits were scheduled approximately one month after the initiation of TACE. During each visit, patients underwent various tests, including chest CT, abdomen multiphase CT or MRI, and total bilirubin (TBIL), aspartate aminotransferase (AST), alanine aminotransferase (ALT), albumin (ALB), prothrombin time (PT), and AFP level evaluation. Overall survival was defined as the period from the first TACE procedure until either death from any cause or the last follow-up (22). Progression-free survival was defined as the period from the first TACE until either tumor progression or the last follow-up. Tumor progression was considered to have occurred if there was a 25% increase in baseline tumor size, transient deterioration of liver function to Child-Pugh C, presence of macrovascular invasion, the development of extrahepatic metastasis (23).





Statistical analysis

Categorical variables were presented as frequencies (percentages) and compared using Fisher’s exact test or the chi-square test, as appropriate. The Kaplan-Meier method was employed to assess the cumulative overall survival and progression-free survival. The differences between two groups were evaluated using the log-rank test. Univariate and multivariate analyses were performed using Cox regression to assess OS. To further analyses the differences in treatment efficacy between the two treatment modalities, subgroup analysis on tumor number, maximum tumor diameter, presence of portal vein thrombosis, Child-Pugh class and AFP level were conducted. All statistical analyses were performed using IBM SPSS Statistics (version 23.0). A two-sided test of significance was conducted, with a P-value < 0.05 considered statistically significant.






Results

In our study, a total of 169 patients were eventually included, among which 66 patients received TACE combined with lenvatinib (TL), and 103 patients received TACE combined with lenvatinib plus tislelizumab (TLT). The baseline characteristics of patients between two groups were shown in Table 1. There were no statistically differences between the two groups in terms of age, gender, largest tumor diameter, number of tumors, HBV infection status, Child-Pugh class, AFP levels, TBIL levels and ALB levels, presence of portal vein thrombosis (PVTT), prognostic nutritional index (PNI), extrahepatic metastasis and BCLC period (P>0.05).

Table 1 | Baseline data of patients between two groups were compared.


[image: A table comparing demographics and clinical characteristics of two patient groups: TL Group (n=66) and TLT Group (n=103). Categories include age, sex, largest tumor diameter, tumor number, HBV status, Child-Pugh class, AFP levels, TBIL, ALB, PVTT, PNI, extrahepatic metastasis, and BCLC period. P-values are indicated for each category, showing statistical significance or similarity.]



Overall survival

The median follow-up time was 23.0 months (95%CI:20.9-25.1). The median OS in the TL group was 20.0 months (95% CI: 13.6-26.4), while the median OS in the TLT group was 26.0 months (95% CI: 22.5-29.5). The Kaplan-Meier curve demonstrated a significantly superior OS in the TLT group compared to the TL group (P=0.004; Figure 1). Based on univariate and multivariate Cox regression analyses, largest diameter of the tumor, the type of treatment, the TBIL level, and the PNI score have been identified as independent prognostic factors of OS (refer to Table 2).

[image: Kaplan-Meier survival curve comparing two treatments over months. Blue line indicates TACE plus Lenvatinib, green line indicates TACE plus Lenvatinib and Tislelizumab. Green line shows better survival. P-value is 0.004.]
Figure 1 | The KM curve displays the overall survival between TLT group and TL group.

Table 2 | Univariate and multivariate analyses for OS in patients receiving TL and TLT.


[image: Table comparing univariate and multivariate analyses of various variables related to overall survival (OS). Variables include age, sex, tumor size and number, HBV status, Child-Pugh class, AFP, TBIL, extrahepatic metastasis, PVTT, treatment options, and PNI. Each variable lists hazard ratios (HR), 95% confidence intervals (CI), and p-values. Notable significant factors include tumor size, Child-Pugh class, AFP, TBIL, treatment method, and PNI with indicated p-values below 0.05.]




Progression-free survival

The TL group exhibited a median PFS of 9.0 months (95% CI: 5.9-12.0), whereas the TLT group demonstrated a longer median PFS of 14.0 months (95% CI:10.9-17.1). The Kaplan-Meier curves revealed a statistically significant difference (P=0.039; Figure 2) in PFS between the two groups. Through univariate and multivariate Cox regression analysis, the type of treatment, Child-Pugh class, and PNI were identified as independent prognostic factors for PFS (Table 3).

[image: Kaplan-Meier survival plot comparing progression-free survival (PFS) over 25 months for two treatments: TACE plus Lenvatinib (blue line) and TACE plus Lenvatinib with Tislelizumab (green line). The vertical axis represents survival probability, while the horizontal axis represents time in months.]
Figure 2 | The KM curve shows the PFS between TLT group and TL group.

Table 3 | Univariate and multivariate analyses to assess the prognostic factors for PFS.


[image: Table showing univariate and multivariate analyses of progression-free survival (PFS) variables. Variables include age, sex, tumor diameter and number, HBV status, Child-Pugh score, AFP levels, TBIL levels, extrahepatic metastasis, PVTT, treatment type, and PNI. Each variable's hazard ratio (HR), 95% confidence interval (CI), and p-value are presented. Notably, the Child-Pugh score and treatment types show significant p-values in both analyses.]




Objective response rate

The overall response rates evaluated using mRECIST criteria in the two treatment groups were compared in Table 2. In the TLT group, there were 5 cases of complete response and 63 cases of partial response. In the TL group, there were 2 cases of complete response and 29 cases of partial response. According to the mRECIST criteria, the objective response rate (ORR) was 66.1% in the TLT group and 46.9% in the TL group (P=0.014, Table 4).

Table 4 | The comparison of ORRs between the two treatment modalities.


[image: Table comparing treatment responses between TLT and TL groups. Complete response: TLT 5 (4.9%), TL 2 (3.0%). Partial response: TLT 63 (61.2%), TL 29 (43.9%). Stable disease: TLT 30 (29.1%), TL 30 (45.5%). Progressive disease: both 5 (TL 7.6%). Objective response: TLT 68 (66.1%), TL 31 (46.9%), with a P value of 0.014.]




Subgroup analysis results

Tumor number: According to the number of tumors, all patients were divided into two groups: one group with a tumor count of ≤3 (Group 1), and the other group with a tumor count >3 (Group 2). In Group 1, the median OS for the TL group was 16.0 months (95% CI: 12.8-19.2), while the median OS for the TLT group was 26.0 months (95% CI: 23.5-28.5). The difference in OS between the two groups was statistically significant (P=0.015; Figure 3A). In Group 2, the TL group had a median OS of 24.0 months (95% CI: 16.9-31.0), whereas the TLT group had a median OS of 28.0 months (95% CI: 22.0-33.9). The difference in OS between the two groups was statistically significant (P=0.041; Figure 3B).

[image: Two Kaplan-Meier plots compare overall survival (OS) in months for two treatment groups: TACE plus Lenvatinib (blue) and TACE plus Lenvatinib plus Tislelizumab (green). Chart A shows a significant difference with a p-value of 0.015, and Chart B shows a p-value of 0.041, indicating statistical significance in favor of the triple combination therapy for both scenarios.]
Figure 3 | The KM curves demonstrate the comparison between TLT and TL group in OS for tumor numbers less than 3 (A) or greater than 3 (B).




Largest diameter of the tumor

The patients were divided into two groups based on whether the largest tumor diameter was greater than 7 cm or not. Group 1 consisted of patients with a tumor diameter less than or equal to 7 cm, while group 2 consisted of patients with a tumor diameter greater than 7 cm. In Group 1, the TL group had a median OS of 25.0 months (95% CI: 23.3-26.6), while the TLT group had a median OS of 28.0 months (95% CI: 25.4-30.6). There was no significant difference in OS between the two groups (P=0.273; Figure 4A). In Group 2, the TL group had a median OS of 14.0 months (95% CI: 11.8-16.2), whereas the TLT group had a median OS of 24.0 months (95% CI: 23.1-24.9). There was a significant difference in OS between the two groups (P=0.001; Figure 4B).

[image: Two Kaplan-Meier survival curves comparing overall survival (OS) in months between two treatment groups: TACE with Lenvatinib, and TACE with Lenvatinib plus Tislelizumab. Chart A shows a P-value of 0.273 with overlapping curves, while Chart B shows a P-value of 0.001 with more distinct separation, indicating statistical significance.]
Figure 4 | The KM curves display the comparison of OS between the TLT and TL groups for tumors with a maximum diameter of less than or equal to 7cm (A) and greater than 7cm (B).





PVTT

The patients were divided into two groups based on the presence or absence of PVTT, Group 1 consisted of patients without PVTT, while Group 2 consisted of patients with PVTT. In Group 1, the TL group demonstrated a median OS of 24.0 months (95% CI: 16.1-31.9), while the TLT group exhibited a median OS of 26.0 months (95% CI: 22.7-29.3). No statistically significant difference in OS was observed between the two groups (P=0.091; Figure 5A). In Group 2, the TL group displayed a median OS of 16.0 months (95% CI: 9.3-22.7), whereas the TLT group exhibited a longer median OS of 27.0 months (95% CI: 21.8-32.2). A significant difference in OS was observed between the two groups (P=0.014; Figure 5B).

[image: Two Kaplan-Meier survival curves compare TACE plus Lenvatinib (blue) and TACE plus Lenvatinib plus Tislelizumab (green). Chart A shows P=0.091, and Chart B shows P=0.014. The x-axis represents overall survival in months.]
Figure 5 | The KM curves elucidate the variation in OS between the TLT and TL groups for patients either without (A) or with PVTT (B).





Child-Pugh class

In patients classified as Child-Pugh class A, the TL group had a median OS of 24.0 months (95% CI: 18.7-29.3), while the TLT group had a higher median OS of 27.0 months (95% CI: 23.3-30.7). There was a statistically significant difference in OS between the two groups (P=0.020; Figure 6A). However, in patients classified as Child-Pugh class B, both the TL group and the TLT group had a similar median OS of 14.0 months. There was no significant difference in OS between the two groups (P=0.662; Figure 6B).

[image: Two Kaplan-Meier survival curves compare treatments. Graph A shows overall survival in months for TACE plus Lenvatinib versus TACE plus Lenvatinib plus Tislelizumab, with a significant p-value of 0.020. Graph B shows progression-free survival for the same treatments with a non-significant p-value of 0.662. The green line represents the combination with Tislelizumab, and the blue line represents the dual therapy.]
Figure 6 | The KM curves highlight the variance in OS between the TLT and TL groups in patients classified as Child-Pugh grade A (A) and B (B).





AFP level

In patients with AFP less than 400 ng/ml, the median OS was 14.0 months (95%CI: 11.5-16.4) in the TL group and 23.0 months (95%CI: 18.7-27.3) in the TLT group. There was no significant difference in OS between the two groups (P=0.191; Figure 7A). In patients with AFP greater than 400 ng/ml, the median OS was 24.0 months (95%CI: 18.4-29.6) in the TL group and 28 months in the TLT group. There was a significant difference in OS between the two groups (P=0.003; Figure 7B).

[image: Two Kaplan-Meier survival plots compare overall survival (OS) in months for two treatment groups: TACE plus Lenvatinib (blue) and TACE plus Lenvatinib plus Tislelizumab (green). Plot A shows no significant survival difference with a p-value of 0.191. Plot B shows a significant survival improvement with the addition of Tislelizumab, with a p-value of 0.003.]
Figure 7 | The KM curves astutely display the variance in OS between the TLT and TL groups within patients presenting AFP levels of ≤400ng/ml (A) or >400ng/ml (B).

In the TLT group, the common adverse events (AEs) were abdominal pain, nausea, fatigue, hypertension, and fever. In the TL group, the common AEs were abdominal pain, nausea, fever, decreased appetite, and hypertension. Among the patients in the TLT group, 22 individuals (21.3%) experienced grade 3-4 AEs, while in the TL group, 11 out of 66 patients (16.7%) reported grade 3-4 AEs (Table 5).

Table 5 | Treatment-Related AEs in TLT and TL group.


[image: Table comparing adverse events (AEs) in TLT and TL groups with sample sizes of 103 and 66. It lists abdominal pain, nausea, fatigue, hypertension, fever, decreased appetite, hand-foot skin reaction, and abnormal liver function for any grade and grade 3-5, with respective percentages.]






Discussion

Tislelizumab is a monoclonal antibody that exhibits a strong affinity and binding specificity for PD-1. It has demonstrated remarkable effectiveness and a well-tolerated safety profile in patients with various solid tumors (24–26). In the open-label, global, multiregional phase 3 RATIONALE-301 randomized clinical trial, tislelizumab exhibited a noninferior overall survival benefit compared to sorafenib, along with a higher objective response rate and more sustained responses and showed a longer median progression-free survival (27).

To further investigate the role of tislelizumab treatmenting HCC, we compared the efficacy of TACE combined with lenvatinib versus TACE combined with lenvatinib plus tislelizumab. The study demonstrated that the OS in the TLT group was significantly superior to the TL group, with median OS of 26 and 20 months, respectively, showing a statistically significant difference (P=0.004). The PFS in the TLT group was also significantly better than the TL group, with a noticeable difference between the two groups (P=0.039). The ORR in the TLT group was 66.1%, whereas it was 46.9% in the TL group. The TLT group was significantly superior to the TL group(P=0.014). The study had preliminarily demonstrated that the combination of TACE with lenvatinib plus tislelizumab significantly improves OS, PFS and ORR compared to TACE combined with lenvatinib, it has also shown good safety profile. These results are consistent with previous studies focusing on other PD-1 inhibitors, providing further evidence for the treatment of HCC (28, 29).

To further clarify the advantages of TACE combined with lenvatinib and tislelizumab in the treatment of HCC, subgroup analyses of patients based on tumor number, maximum tumor diameter, presence of PVTT, AFP level, and Child-Pugh classification were conducted. For patients with a tumor maximum diameter less than or equal to 7 cm, there was no significant difference in OS between the TLT group and the TL group (P=0.273). However, for patients with a tumor maximum diameter greater than 7 cm, the TLT group showed a significantly improved OS compared to the TL group, with a statistically significant difference (P=0.001). These findings suggest that for patients with a tumor maximum diameter greater than 7 cm, the combination with tislelizumab can significantly prolong survival. For patients without PVTT, there was no significant difference in OS between the TLT and TL groups (P=0.091). However, for patients with PVTT, the TLT group showed significantly longer OS compared to the TL group (P=0.014), indicating that the addition of tislelizumab benefits patients with PVTT. Previous studies have consistently shown that the combination of PD-1 inhibition is effective and well-tolerated for treating patients with PVTT, and the results of this study align with these findings (30). The study also revealed that in patients with AFP greater than 400 ng/ml, the TLT group had significantly better overall survival compared to the TL group. However, in patients with AFP less than 400 ng/ml, there was no significant difference in OS between the two groups. The findings suggest that for HCC patients with relatively high AFP level, TLT is more beneficial than TL.

In this study, it was also observed that there was a significant difference in OS between the TLT and TL groups in patients with Child-Pugh A (P=0.020). However, no difference in OS was found between the two groups in patients with Child-Pugh B (P=0.662). This suggests that the Child-Pugh classification is crucial in determining the efficacy of combination therapy, as patients with poor liver function may not benefit from additional combined treatments. It also highlights the importance of selecting patients with relatively good scores on Child-Pugh grade for TACE combined with lenvatinib and tislelizumab therapy.

This is the first study comparing the efficacy of TACE plus lenvatinib with or without tislelizumab. The study has shown that TLT can significantly improve OS and PFS compared to TL. Subgroup analysis revealed that patients with the maximum tumor diameter greater than 7 cm, AFP > 400ng/ml and the presence of PVTT may benefit more from TLT treatment. It was also noted that the TLT therapy had a more pronounced effect in patients with a better Child-Pugh score. Compared to previous studies (28–31), this study not only found that patients with PVTT benefit more from the triple therapy, but also discovered that patients with larger tumor diameters and higher AFP levels benefit more from the triple therapy.

This study had some limitations. Firstly, it is a retrospective study with a limited number of cases, which may lead to selection bias and further confirmation is needed with a larger sample size. Secondly, majority of patients in this study were HBV-infected (123/169), which may not be representative of patients with HCC of other etiologies. Lastly, patients may have received other treatment modalities after disease progression, which could potentially confound the analysis of OS. In our upcoming research, we will further analyze the mechanisms by which TKI combined with PD-1 enhances efficacy and identify biomarkers that predict prognosis.





Conclusion

TACE combined with lenvatinib plus tislelizumab was significantly better than TACE combined with lenvatinib in OS, PFS and ORR for unresectable HCC. Further subgroup analysis reveals that TLT treatment provides greater benefits for patients with tumor diameters greater than 7 cm, accompanied by PVTT, AFP levels greater than 400ng/ml, and being in the Child-Pugh A stage.
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Introduction

To evaluate the outcomes after stereotactic body radiotherapy (SBRT) for locally advanced primary liver cancer.





Materials and methods

Patients with locally advanced liver cancer unsuitable for other loco-regional treatments were treated with SBRT with 50–60 Gy in 3–12 fractions in two consecutive prospective trials.





Results

A total of 83 patients were included, of whom 14 were excluded, leaving 69 evaluable patients with 74 treated lesions. A total of 50 patients had hepatocellular carcinoma (HCC), and 11 patients had cholangiocarcinoma (CCC). Approximately 76% had a Child-Pugh (CP) score of A, while 54% had an albumin–bilirubin (ALBI) score of 1. With a median follow-up of 29 months, the median overall survival (OS) was 11 months, and the progression-free survival (PFS) was 18 months. The ALBI score was an important predictor of overall survival (HR 2.094, p = 0.001), which remained significant also in the multivariate analysis. Patients with an ALBI grade of ≥1 had an OS of 4 months versus 23 months in patients with an ALBI grade of 1 (p ≤ 0.001). The local control at 1 and 2 years was 91%. Thirteen patients developed grade ≥ 3 toxicities, of whom nine patients experienced liver toxicities. Patients with a higher ALBI score had a high risk for developing hepatic failure (OR 6.136, p = 0.006).





Discussion

SBRT is a very effective treatment with low toxicity and should be considered as a local treatment option in patients with HCC and CCC. Patients with a higher ALBI grade are at risk for developing toxicities after SBRT and have a significantly lower survival rate.
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Introduction

Liver cancer has a very poor prognosis. Approximately 90% of the cases globally are diagnosed with hepatocellular carcinoma (HCC), which is the most common primary liver tumor, while other primary tumors including cholangiocarcinoma (CCC) are rare. The only curative treatment options are either surgery or transplantation and, in some cases, radiofrequency ablation (RFA). However, fewer than 30% of patients are eligible for these treatments (1, 2). Other local treatment options include trans-arterial chemoembolization (TACE) especially for HCC, selective internal radiation therapy (SIRT), high-dose-rate (HDR) brachytherapy, or stereotactic body radiotherapy (SBRT). The immune microenvironment plays a significant role in the development and progression of HCC, while inflamed and non-inflamed classes of HCC and genomic signatures have been associated with response to immune checkpoint inhibitors (3). In the past years, there has been increasing evidence of the role of circular RNAs in the modulation of proliferation and metastases of cancer cells, while epithelial–mesenchymal transition (EMT) enhances metastasis and invasion of tumor cells and can trigger resistance to therapy (4). Additionally, the tumor microenvironment remolds, and the acceleration of immunotherapy and vaccines can be provided by peptide nanoparticles (4, 5).

Due to the technological advances of the past decades, SBRT has been proven to be a very efficacious local treatment with high rates of local control ranging from 75% to 100% and can be used safely with low rates of toxicity in both HCC and CCC. SBRT leads to similar local control rates compared to RFA or TACE (6–9). Thus, according to the National Comprehensive Cancer Network (NCCN) guidelines, SBRT is not only an alternative for HCC patients ineligible for other local treatments but also a treatment option a priori equal to other local treatments, such as ablation or arterially directed therapies. Nevertheless, due to the lack of randomized trials, SBRT is not yet included in the current Barcelona Clinic Liver Cancer (BCLC) classification. However, in patients with CCC, data concerning the role of SBRT are scarce, and radiotherapy is restricted to patients who are not eligible for other treatments (6).

While liver function plays a significant role in patient stratification, the Child-Pugh (CP) classification incorporates serum albumin, bilirubin, and international normalized ratio (INR) and also the presence of hepatic encephalopathy and ascites for the evaluation, which are highly subjective and thus not easily reproducible, therefore leading to a significant detection bias with the result of under- or overestimation of liver function (10). Thus, the albumin–bilirubin (ALBI) grade was introduced as a more objective method to evaluate liver function (11) but has not been evaluated longitudinally in patients with primary liver cancer treated with SBRT within prospective trials. Since SBRT can lead to radiation-induced liver disease, a validated baseline assessment of liver function is critical for the accurate evaluation of candidates for SBRT.

In this study, we evaluated the role of SBRT in patients with locally advanced HCC or CCC treated within two consecutive prospective trials conducted in our institution (LAPIS trial and Heracles trial) with a focus on liver function.





Materials and methods




Study population

Study protocols and patient consent forms were approved by the institutional ethics committee (EK 374/15 and 38/16). Both trials were registered at the German Clinical Trials Register (Lapis trial, DRKS 00008566; Heracles trial, DRKS00011266). Patients unsuitable for any other local or systemic treatments or who progressed under local or systemic treatments were eligible for both trials after a multidisciplinary tumor board discussion. Inclusion and exclusion criteria are provided in the Supplementary Material.





Treatment

Treatment planning and delivery have been also described in detail elsewhere (7, 12, 13). Patients were immobilized using a customized vacuum cushion, patient positioning boards, knee cushions, and abdominal compression and received a 4D and multiphase CT (arterial phase and/or delayed phase and venous phase). The gross tumor volume (GTV) was defined as the primary tumor and the tumor vascular thrombus if present. Image-guided radiotherapy (IGRT) was mandatory for every fraction. At-risk adopted dose prescription was applied considering the constraints for the organs at risk (OARs), aiming at a biologically effective dose (BED) of up to approximately 100 Gy depending on the proximity of the organs at risk. Dose prescription was chosen so that 95% of the planning target volume (PTV) received at least the nominal fraction dose and that 99% of the PTV received a minimum of 90% of the nominal dose [according to the International Commission on Radiation Units and Measurements (ICRU) 83, 91]. The dose maximum within the PTV was 110%–120% of the prescribed dose. Patients with smaller tumors not abutting any OARs received 3 × 18.75 Gy to the D50% such that 95% of the PTV received a minimum of 45 Gy (3 × 15 Gy, 80% of the nominal dose) and a dose maximum between 110% and 120% (14). For tumors abutting/overlapping with organs at risk, fractionations such as 5 × 10 Gy or 8 × 7.5 Gy were chosen in order to achieve the constraints for the organs at risk, while ultra-central tumors received mostly 66 Gy in 12 fractions of 5.5 Gy. For lesions where dose constraints for the OARs according to Timmerman (15) could not be achieved, a simultaneous integrated protection (SIP) dose prescription was used as described elsewhere (16, 17) in order to avoid dose reduction for the entire PTV.

For analysis, the prescribed dose matrices were converted to BEDs and equieffective doses for 2-Gy fractions (EQD2), using the linear quadratic model (LQ) as previously described (18). BEDs in Gy (10) for tumors or Gy (3) for normal lungs were calculated and converted to equivalent doses in 2-Gy fractions [=normalized total dose (NTD)] and to estimated log cell kill (18). For liver toxicity, we assumed an α/β value of 2 Gy, as also performed in previous analyses (19).





Liver function response and toxicity evaluation

The Child-Pugh score and the albumin–bilirubin grade were assessed as previously described (11, 20, 21) at baseline (prior to treatment) and at every subsequent follow-up. Clinical outcome was assessed at 6 weeks after SBRT and then every 3 months. The response was evaluated according to the international criteria proposed in the modified Response Evaluation Criteria in Solid Tumors (mRECIST) Guideline version 1.1 (22). Toxicity was scored according to the National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events (CTCAE) v4.0 for adverse events. Response assessment, toxicity evaluation, and blood tests (complete blood counts and biochemical analysis including liver function) were repeated every 3 months.





Statistics

Overall survival (OS) was calculated as the time from the start of treatment until death from any cause, with censoring at the date last seen alive. Progression-free survival (PFS) was calculated as the time from the start of treatment until the last documented response assessment. OS and PFS were estimated using the Kaplan–Meier method. Continuous variables are presented as median with the corresponding range (minimum and maximum) and categorical variables as absolute and relative frequencies unless stated otherwise. The Cox proportional hazards regression model was used for further analyses of possible prognostic factors for OS and PFS and the logistic regression for the development of toxicities. The small number of patients did not allow complex multivariate modeling with variable selection using forward selection. Therefore, variables considered in a multivariate model were selected according to relevant univariate impact on OS or PFS. A forward variable selection approach was then applied. Local control (LC) was defined as the time from the start of SBRT until the progression of the treated lesion. Patients without progression were censored at the earlier of the last response assessment. Analyses for LC were conducted at the lesion level.

Death was considered a competing event. Analyses were performed using the SPSS software (IBM, SPSS, v27).






Results




Patient and treatment characteristics

Between 06/2016 and 06/2017, 83 patients were included in both prospective trials. A total of 20 patients were planned for SBRT in the Heracles trial, of whom two patients were excluded due to disease progression, resulting in 18 evaluable patients. In the LAPIS trial, 63 patients were included, of whom 12 were excluded either due to disease progression or alternative treatments, resulting in a total of 69 evaluable patients with 74 SBRT-treated liver lesions. Patients had HCC in 84% of the cases and CCC in 16%. Most patients had an underlying liver disease (58%) and were pre-treated (49%). Nine patients (13%) had metastatic disease, and 16% had a portal vein tumor thrombus. Patient and treatment characteristics are shown in Table 1.

Table 1 | Patient and treatment characteristics.


[image: Table displaying demographic and clinical information of patients. Median age is seventy-four years. Gender distribution: seventy-eight percent male, twenty-two percent female. Hepatocellular carcinoma is eighty-four percent, cholangiocarcinoma is sixteen percent. Etiologies: HBV ten percent, HCV fifteen percent, alcohol-induced twenty-three percent, NASH ten percent. Treatments: fifty-one percent had no prior treatments, forty-nine percent had prior treatments including resection, RFA, TACE, SBRT, systemic treatment, and SIRT. BCLC stages: A thirty-six percent, B thirty-five percent, C twenty-eight percent, D two percent. Child-Pugh scores: A seventy-six percent, B twenty-three percent, C one percent. ALBI grades: 1 fifty-four percent, 2 forty-one percent, 3 six percent. Median ALBI score is negative two point five six, albumin is four, bilirubin zero point eight. Maximum tumor size is forty-eight millimeters. Portal vein thrombosis is twenty-three percent. Prescribed dose sixty Gy, BED10 one hundred two Gy, dose per fraction eight Gy, number of fractions eight.]




Overall survival, progression-free survival, and local progression

The median follow-up was 29 months. The OS rates at 1 and 2 years were 49% and 38%, respectively, with a median OS of 11 months (Figure 1A). Patients with a higher CP score (HR 1.247, 95% CI 1.030–1.509, p = 0.02) and ALBI grade (HR 2.094, 95% CI 1.344–3.262, p = 0.001), larger tumors (HR 1.011, 95% CI 1.002–1.020, p = 0.02), and presence of portal vein thrombosis (PVT) (HR 2.137, 95% CI 1.094–4.173, p = 0.02) had a worse OS. Only the ALBI score remained significant in multivariate analysis (Tables 2A, B). Patients with an ALBI score of 1 (54%) had a median OS of 23 months (95% CI 3.148–42.852), while patients (46%) with an ALBI grade of ≥2 had a median OS of 4 months (95% CI 2.419–5.581, p < 0.001 log rank, Figure 1B). However, patients with a CP score of A had a median OS of 11 months versus 8 months for patients with a CP score of ≥B (p = 0.32 log rank, Figure 1C).

[image: A set of three Kaplan-Meier survival curves:  A. Displays overall survival over time in months, with survival decreasing over time, marked by censoring symbols.  B. Compares survival for ALBI 1 (dotted line) versus greater than 1 (solid line), with distinct survival patterns and censoring.  C. Compares survival for CP A (dotted line) versus greater than A (solid line), showing different survival rates and censoring events.]
Figure 1 | (A) Overall survival. (B) Overall survival stratified according to the ALBI grade (1 vs. >1). (C) Overall survival stratified according to Child-Pugh score (A vs. >A). ALBI, albumin–bilirubin.

Table 2A | Univariate Cox regression analysis of overall survival (OS).


[image: Table displaying parameters, hazard ratios (HR), 95% confidence limits, and p-values. Parameters include HCC vs. CCC, Child-Pugh score, ALBI grade, and others. Significant p-values are noted for ALBI grade (0.001), Child-Pugh score (0.02), portal vein thrombus (0.03), tumor diameter (0.02), and albumin (0.003). Parameters, HRs, confidence limits, and p-values are compared.]
Table 2B | Multivariate Cox regression analysis of overall survival (OS).


[image: Table showing hazard ratios and confidence limits for various parameters. ALBI grade has HR 2.324, 95% confidence limits of 1.357 to 3.979, and p-value 0.002. Portal vein thrombus has HR 1.184, confidence limits 0.473 to 2.962, and p-value 0.72. Tumor diameter has HR 1.012, confidence limits 1.003 to 1.022, and p-value 0.12. ALBI refers to albumin–bilirubin.]
Four (6%) patients developed a local progression, of whom two had a regional progression in the liver at the same time. A total of 24 (35%) patients developed a regional regression, of whom five had distant metastases at the same time. In total, 16 patients (23%) developed distant metastases. The median PFS was 18 months. The PFS rates at 1 and 2 years were 53% and 38%, respectively. Patients with a PVT had a worse PFS (HR 2.659, 95% CI 1.271–5.549, p = 0.009, Table 3). The LC at 1 and 2 years was 91%. None of the clinical or treatment parameters correlated with the incidence of local tumor progression.

Table 3 | Univariate Cox regression analysis of progression-free survival (PFS).


[image: Table showing parameters with hazard ratios (HR), 95% confidence limits, and p-values. Parameters include HCC vs. CCC, Child-Pugh score, ALBI grade, portal vein thrombus, tumor diameter, prescribed dose, BED, bilirubin, and albumin. Notably, portal vein thrombus has a HR of 2.656, with a p-value of 0.009, indicating significance.]
Table 4 | Logistic regression analysis for the development of grade ≥ 3 hepatic failure.


[image: A table presents various parameters, odds ratios (OR), 95% confidence limits, and p-values related to health metrics. Parameters include HCC vs. CCC, Child-Pugh score, ALBI grade, and more, with respective ORs like 0.674 and 6.136. Confidence limits and p-values accompany each parameter, indicating statistical significance. Footnotes clarify abbreviations such as HCC (hepatocellular carcinoma) and CCC (cholangiocarcinoma).]




Toxicity

Thirteen patients developed grade ≥ 3 toxicities. Nine patients developed a hepatic failure, one patient developed a fistula, and three patients with pre-existing stents developed cholangitis. None of the patient characteristics for the dosimetric parameters correlated significantly with the development of grade 3 hepatic failure except for the Child-Pugh score (OR 1.539, 95% CI 0.998–2.373, p = 0.05) and the ALBI grade (OR 6.136, 95% CI 1.664–22.626, p = 0.006) (Table 4).






Discussion

Over the past decades, there have been significant advances in the treatment of primary liver tumors. Although SBRT seems to lead to high rates of local control, overall survival prospective data are scarce. Furthermore, most prospective studies on SBRT include highly selected patients with a CP score of A or B7 and rarely report results using the ALBI score.

We show that patients with an ALBI score of 1 had a significantly better median overall survival (23 months, 95% CI 3.148–42.852) than patients with an ALBI grade of ≥2 (4 months, 95% CI 2.419–5.581, p < 0.001 log rank). However, the difference between the median overall survival in patients with a CP score of A (median OS of 11 months) compared to patients with a CP score of ≥B (median OS 8 months) was only moderate and not statistically significant (p = 0.32, log rank). Interestingly, none of the dosimetric parameters such as the mean liver dose or the dose or the low-dose region of the liver dose volume histogram curves (e.g., 800 cc or 700 cc) correlated with the incidence of toxicity. Our findings suggest that the ALBI score should be considered for treatment decisions in SBRT of HCC using a cut-off of 1, rather than the more subjective CP score that has been used previously. The ALBI score is a simple, evidence-based, objective, and discriminatory method of assessing liver function in HCC. It has been extensively tested in an international setting, unlike the CP score, which includes more subjective variables such as ascites and encephalopathy (11) and should be routinely calculated prior to treatment. These results should be validated in larger prospective trials, emphasizing patient stratification for SBRT depending on liver function.

In a recent meta-analysis (23) that reported long-term outcomes of SBRT for HCC and included 17 mostly retrospective studies, acute hepatic toxicity ≥ grade 3 ranged from 0% to 30%, but late toxicity was rare. The incidence of severe hepatic toxicity varied according to the criteria applied. Most studies included only patients with a CP score of A and/or up to B7. Importantly, the selection was based on the CP score and not on the most recent ALBI score. In addition, most studies were of retrospective design, thus limiting the evaluation of liver toxicity at follow-up and explaining the big range of reported acute hepatic toxicity ≥ grade 3. Indeed, it is a challenge to interpret liver toxicity in patients with HCC; thus, retrospective data without regular clinical evaluation and blood tests including liver parameters should be used with caution.

Previous smaller studies reported outcomes in patients with a CP score of B or C, showing a big difference in the median overall survival between patients treated with SBRT with a CP B7 score (median OS 10 months) versus patients with a CP score ≥ 8 (24). Andolino et al. (25) demonstrated that there is a relationship between the pretreatment CP score and the development of any type of toxicity (p = 0.035) as well as an increase of more than one grade in hematologic or hepatic dysfunction (p = 0.008). In a study by Lee et al. [17], 17% of patients had an increase in CP score of more than 2 points at 6 months. This suggests that patients with a CP score of A of B7 can be safely offered SBRT for HCC (26). Nevertheless, an ALBI grade of 1 does not correspond to a Child-Pugh score of A. In patients with a CP score of A, Murray et al. (27) showed in a retrospective study that the baseline ALBI score was superior compared to the CP score in predicting OS and toxicity. Indeed, they showed that patients with ALBI scores of 1 and 2 had a median OS of 19.8 and 8.5 months, respectively (p = 0.008), while CP-A5 and CP-A6 patients had median survivals of 17.5 and 10.4 months, respectively (p = 0.061), which is similar to our results. In the study by Jackson et al., ALBI-centric models performed similarly to indocyanine green retention (ICG)-centric models on multivariate analyses predicting toxicity (28).

Our study has several limitations such as the small sample size, potential selection bias, and the heterogeneous patient population regarding the baseline liver function and the dose per fraction. Another limitation of the study may be the inclusion of patients with different primary liver tumor histologies, as HCC tends to develop on the basis of an inflamed cirrhotic liver contrary to CCC and thus has the tendency to have higher CP or ALBI scores. We tried to address this point in the univariate analysis showing no statistical differences between the two histologies, although there were only a small number of patients with CCC, making the results not easy to interpret especially concerning patients with CCC. Nevertheless, this heterogeneity provided additional information concerning the sensitivity of the liver to radiotherapy. Additionally, this analysis was based on two consecutive prospective studies, providing important aspects concerning liver function and toxicity.

In conclusion, our results suggest that patient selection with adequate liver function based on the ALBI score may minimize SBRT-related liver toxicity. Our findings indicate that the ALBI score should be considered for treatment decision in SBRT of HCC using a cut-off of 1, rather than the more subjective CP score. These results should be validated in larger prospective trials, emphasizing patient stratification for SBRT depending on liver function. Patients with adequate liver function had significantly longer overall survival, while neither tumor characteristics nor dosimetric parameters correlated with the development of toxicity of SBRT.
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Hepatocellular carcinoma (HCC) remains a leading cause of cancer-related deaths worldwide. Recent advances in immunotherapies, targeted therapies, and combination treatments have significantly improved outcomes for many patients with HCC. This review summarizes key findings from the 2024 ASCO Annual Meeting, focusing on emerging therapies, including immune checkpoint inhibitors (ICIs), CAR-T cell therapies, oncolytic viruses, and locoregional treatments like transarterial chemoembolization (TACE) and hepatic arterial infusion chemotherapy (HAIC). ICIs, particularly when combined with other agents, have shown promising efficacy, though challenges such as immune-related adverse events and resistance mechanisms remain. CAR-T cell therapies and oncolytic viruses offer novel therapeutic avenues for advanced HCC, but their long-term efficacy in solid tumors is still under investigation. Locoregional therapies, especially in combination with systemic treatments, continue to play a critical role in managing unresectable HCC and improving conversion rates to surgical resection. Additionally, the potential of biomarkers, such as hypoxia scores and CTNNB1 mutations, is being explored to better personalize treatment and predict patient responses. These biomarkers could pave the way for more targeted and effective therapeutic strategies. Overall, the recent studies presented at the ASCO meeting highlight progress in HCC treatment, underscoring the importance of continued innovation. Future research should focus on overcoming resistance mechanisms, optimizing combination therapies, and integrating biomarker-driven approaches to improve patient outcomes and enhance personalized treatment strategies.
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Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver cancer, making up 75% of cases (1). It is the sixth most common cancer and the fourth leading cause of cancer deaths globally (2). Despite advances in the early detection and treatment of HCC, the prognosis for many patients remains poor, largely due to late diagnosis and the aggressive nature of the disease (3). Current standard-of-care treatments, including surgical resection, liver transplantation, and locoregional therapies such as transarterial chemoembolization (TACE) and radiofrequency ablation (RFA), are primarily effective in patients with early-stage or localized tumors (4, 5). Current standard-of-care treatments, including surgical resection, liver transplantation, and locoregional therapies such as transarterial chemoembolization (TACE) and radiofrequency ablation (RFA), are primarily effective in patients with early-stage or localized tumors (6, 7).

A significant limitation of existing therapies is the development of resistance, which is frequently driven by mechanisms such as epithelial-mesenchymal transition (EMT) and cancer cell plasticity. These processes not only promote metastasis but also enhance tumor cells’ ability to evade therapeutic interventions, leading to therapy resistance and poor patient outcomes (8). Emerging evidence also suggests that nanoparticles, particularly those functionalized with peptides, offer new opportunities to enhance drug delivery and target tumor cells more effectively, potentially overcoming some of the limitations seen with traditional therapeutic agents (9).

The landscape of HCC treatment has been revolutionized by the advent of immune checkpoint inhibitors (ICIs), targeted therapies, and novel combinations (10) (Figure 1). Different strategies including targeting the tumor-infiltrating neutrophils and using oncolytic viruses have been explored to enhance the efficacy of liver cancer immunotherapy (11, 12). These advancements offer new hope for improved survival and quality of life for patients with advanced HCC. These offer hope for better survival and quality of life in advanced HCC. We summarized 34 clinical studies on liver cancer from the 2024 ASCO meeting, highlighting progress in treatments like ICIs, locoregional therapies, CAR-T cell therapies, and more (Table 1).
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Figure 1 | Summary of the therapeutic advances in HCC reported in 2024 ASCO annual meeting.

Table 1 | Clinical trials reported in 2024 ASCO Annual Meeting.
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ICIs

mDurvalumab, an anti-PD-L1 antibody, has been explored in various combinations for the treatment of unresectable HCC. A phase 2 trial (NCT02519348) evaluated durvalumab monotherapy and combinations with tremelimumab and bevacizumab (13). The study found that both the STRIDE regimen (Single Tremelimumab Regular Interval Durvalumab) and durvalumab plus bevacizumab (D+B) demonstrated higher objective response rates (ORR) compared to durvalumab alone. Notably, the STRIDE regimen exhibited significant immune modulation effects, indicating potential complementary actions when combined with durvalumab and bevacizumab. Another multi-institutional analysis focused on atezolizumab and bevacizumab (A+B) as a first-line systemic therapy for advanced HCC (14). Results showed that median overall survival (OS) was significantly better in patients with Child-Pugh A liver function compared to those with poorer liver function. Additionally, the albumin-bilirubin (ALBI) grade was found to be an effective predictor of patient outcomes, underscoring the importance of liver function scores in treatment planning. A real-world study from the HCC CHORD database compared atezolizumab plus bevacizumab (AB) versus lenvatinib (LEN) as first-line systemic therapy for HCC. AB was associated with superior OS compared to LEN (19.7 vs. 14.4 months) but had similar PFS and RR (15).

In the additional follow-up of the KEYNOTE-224 study investigating the efficacy of pembrolizumab in patients with advanced HCC previously treated with sorafenib, pembrolizumab exhibited durable responses with ORRs of 18.3% and 17.6% in sorafenib-treated and treatment-naive cohorts, respectively, with a manageable safety profile (16). A multicenter study found adjuvant immunotherapy improved recurrence-free and overall survival in intermediate/advanced HCC patients post-hepatic resection, compared to non-immunotherapy groups, highlighting benefits for high-risk patients (17). Moreover, in the NeoLEAP-HCC trial, a single-arm, multi-center, phase II study, pembrolizumab combined with lenvatinib was evaluated as a perioperative treatment for resectable HCC (18). The combination demonstrated promising anti-tumor efficacy, with 37.8% of patients achieving a major pathological response (MPR) and an acceptable safety profile, showing potential in reducing recurrence rates post-surgery. Tislelizumab, another PD-1 inhibitor, was studied in combination with intensity-modulated radiotherapy (IMRT) in a single-arm phase II trial for patients with resectable HCC and macrovascular invasion (MVI) (19). This study reported an ORR of 30.0% and a significant pathological response in 66.7% of patients who underwent surgery, indicating the combination could be effective and tolerable as perioperative therapy.

Meanwhile, a phase II trial investigated livmoniplimab (anti-GARP-TGF-b1) combined with budigalimab (anti-PD-1) in advanced HCC patients who progressed on first-line therapy. Early results showed a 42% ORR, indicating promising clinical activity and manageable safety (20). Additionally, a phase 1/2 study evaluated tegavivint, a TBL1 inhibitor, in advanced HCC patients with beta-catenin activating mutations, aiming to characterize the safety, pharmacokinetics/pharmacodynamics (PK/PD), and preliminary antitumor activity of tegavivint, offering a novel targeted approach for HCC with specific genetic profiles (21). The GEMINI-Hepatobiliary phase II trial evaluated novel immuno-oncology regimens for advanced hepatobiliary cancers, including HCC (22). This study explored the efficacy of volrustomig (anti-PD-1/CTLA-4) or rilvegostomig (anti-PD-1/TIGIT) in combination with standard anticancer agents. The trial aims to provide new insights into improving outcomes for advanced hepatobiliary cancers through innovative IO-based treatments.

A phase II/III study is investigating the combination of livmoniplimab and budigalimab in patients with locally advanced or metastatic HCC. The study aims to determine the optimal dose and evaluate the efficacy and safety of this novel combination, potentially offering a new therapeutic option for advanced HCC (23). Another randomized, open-label, phase III trial is comparing apatinib and camrelizumab with or without HAIC for HCC with portal vein tumor thrombus (PVTT). This study aims to determine the efficacy and safety of adding to the combination of apatinib and camrelizumab, potentially offering an enhanced treatment strategy for patients with high-risk HCC (24). A phase III trial (NCT05198609) is evaluating the efficacy and safety of apatinib and camrelizumab plus intravenous FOLFOX or HAIC with FOLFOX for advanced HCC. This trial seeks to compare the efficacy of these regimens, aiming to optimize treatment for advanced HCC (25).

A phase III study of SCT-I10A, an anti-PD-1 antibody, combined with a bevacizumab biosimilar versus sorafenib in advanced HCC demonstrated that SCT-I10A plus SCT510 showed significantly longer median OS (22.1 vs. 14.2 months) and PFS (7.1 vs. 2.9 months) compared to sorafenib (26). The combination also had a higher ORR with an acceptable safety profile. A phase II trial (NCT04039607) is assessing nivolumab and ipilimumab versus Lenvatinib or sorafenib as first-line treatment for unresectable HCC. Nivolumab plus ipilimumab showed a significant OS benefit, higher ORR, and durable responses, suggesting it as a potential new first-line standard of care for unresectable HCC (27). Lastly, the final OS analysis of the study CARES-310 showed that Camrelizumab plus rivoceranib had a median OS of 23.8 months compared to 15.2 months for sorafenib, demonstrating superior efficacy (28). An international phase II study evaluated regorafenib and pembrolizumab in advanced HCC previously treated with ICIs (29). The study reported modest activity, with an ORR of 5.9% and a median PFS of 2.8 months, suggesting benefits for selected patients who progressed on prior ICI treatment.

ICIs have shown improvements in OS and PFS, particularly when combined with agents like bevacizumab. However, patient response remains variable, with factors such as liver function and biomarkers like PD-L1 expression influencing outcomes. irAEs are a notable concern, often requiring intensive management. Additionally, resistance mechanisms may limit long-term efficacy. Future strategies should focus on identifying reliable biomarkers to guide patient selection and combining ICIs with other therapies to mitigate resistance and improve outcomes.





Locoregional treatment-related therapies

Locoregional treatments including TACE and HAIC have been playing an important role in HCC treatment. Additionally, using locoregional treatment to activate antitumor immunity has been a useful way to enhance the efficacy of ICIs. The phase III EMERALD-1 study investigated durvalumab with or without bevacizumab combined with TACE in unresectable HCC. The combination significantly improved PFS compared to placebo plus TACE, supporting its potential as a new standard of care for embolization-eligible HCC​ (30). A phase II study investigated the combination of envafolimab, an anti-PD-L1 antibody, with lenvatinib and TACE in initially unresectable HCC (31). The combination demonstrated promising survival outcomes, with a median PFS of 8.78 months and a manageable safety profile, indicating its potential as a conversion therapy for surgical resection. A single-arm, phase II trial (PLATIC) evaluated sintilimab, lenvatinib, and TACE-HAIC as conversion therapy for initially unresectable HCC. The study reported a 77.2% conversion to resection rate, with an ORR of 77.2% (mRECIST) and 42.1% (RECIST 1.1). The mPFS was 14.3 months. Grade 3/4 TRAEs occurred in 64.9% of patients (32).

A phase II trial assessed HAIC with tislelizumab and lenvatinib in unresectable HCC. The study showed efficacy, with a median PFS of 15 months and a high conversion to resection rate, highlighting the potential for downstaging advanced HCC (33). A phase III trial compared sorafenib plus HAIC with sorafenib plus TACE in advanced HCC (34). Results showed HAIC with sorafenib significantly improved OS and PFS compared to TACE with sorafenib, especially benefiting patients with high fatty acid degradation (FAD) activity. Additionally, a phase III trial (REPLACE) is comparing the efficacy and safety of regorafenib and pembrolizumab versus locoregional therapy (TACE/TARE) for intermediate-stage HCC beyond the up-to-7 criteria, addressing the need for effective systemic therapy in intermediate-stage HCC (35). A phase II trial evaluated venous infusion chemotherapy (VIC) combined with apatinib and camrelizumab for CNLC stage III HCC. The study reported a confirmed ORR of 60.0%, a disease control rate of 97.1%, and a manageable safety profile, indicating significant anti-tumor effects (36). Another study compared stereotactic body radiotherapy (SBRT) combined with TACE and tyrosine kinase inhibitors (TKIs) versus TACE and TKIs alone in HCC patients with PVTT. Results showed that the SBRT+TACE+TKIs group had significantly better progression-free survival (PFS) and overall survival (OS), suggesting improved efficacy without additional safety concerns (37).

Locoregional treatments like TACE and HAIC, when combined with ICIs or TKIs, have improved tumor control and, in some cases, allowed resection of previously unresectable tumors. However, their efficacy is closely tied to liver function, and recurrence rates remain high. Procedural variability and differences in embolization techniques contribute to inconsistent outcomes. Standardization of treatment protocols and optimization of combinations with systemic therapies will be crucial in improving long-term results.





CAR-T cell therapies

C-CAR031, a GPC3-specific TGFbRIIDN armored autologous CAR-T therapy, was evaluated in a phase I study for advanced HCC (38). The treatment exhibited a manageable safety profile, with an ORR of 50% and a median PFS of 4.27 months. These preliminary results indicate promising efficacy for CAR-T cell therapy in heavily treated advanced HCC patients, offering a new potential treatment modality. However, challenges persist in solid tumor settings. Tumor microenvironment factors, such as immunosuppression, limit CAR-T cell persistence and efficacy. Furthermore, managing toxicities like CRS and neurotoxicity is critical. Although the high cost and complexity of CAR-T production are obstacles, further refinement in CAR-T engineering could enhance their role in treating advanced HCC.





Novel oncolytic virus therapies

VG161, an oncolytic virus expressing IL12, IL15, and PD-L1 blocking peptide, was evaluated in a phase I trial for HCC patients refractory to two prior lines of therapy (39). The study demonstrated a 17.14% ORR and a 60.00% disease control rate (DCR), with a median OS of 9.40 months. These results suggest that VG161 has the potential to benefit heavily pre-treated HCC patients, offering a new therapeutic approach. A multicenter phase II trial assessed the combination of oncolytic immunotherapy RP2 with atezolizumab and bevacizumab in advanced HCC. The study aims to evaluate the safety and efficacy of this combination as a second-line treatment, with primary endpoints including ORR and progression-free survival​ (40). Oncolytic viruses offer a novel approach with potential in patients who have failed other treatments. However, response rates have been modest, and improvements in delivery mechanisms and immune activation are needed. Combining oncolytic viruses with ICIs or other systemic therapies may boost their efficacy, but further large-scale trials are necessary to validate these combinations.





Exploration of biomarkers for targeted therapies

Biomarkers hold significant potential for personalizing cancer treatment. However, significant challenges remain in integrating biomarker-driven approaches into routine clinical practice, particularly in HCC, where heterogeneity in both tumor biology and liver function complicates treatment decisions. Examples from other cancers provide valuable insights into the potential application of biomarker-driven therapies in HCC. For instance, in non-small cell lung cancer (NSCLC), the presence of EGFR mutations or ALK rearrangements has successfully guided the use of targeted therapies, dramatically improving outcomes (41, 42). Similarly, in melanoma, the identification of BRAF V600E mutations has led to the development of targeted therapies like vemurafenib, which have significantly extended survival in patients with this specific mutation (43, 44). These examples demonstrate the profound impact of biomarker-driven treatment on improving patient outcomes when the right molecular target is identified.

An analysis of RNA expression-based hypoxia scores (HS) identified it as a significant prognostic biomarker in HCC (45). The study revealed that tumors with high hypoxia scores (HS-high) had worse OS but were more likely to respond to immunotherapy. In contrast, tumors with low hypoxia scores (HS-low) showed better OS and responded more favorably to sorafenib. These findings suggest that the hypoxia score could guide personalized treatment strategies for HCC, enabling more tailored and effective approaches.

A multicenter analysis from the HCC-CHORD consortium examined predictors of short-term death (STD) and long-term survival (LTS) in advanced HCC patients treated with TKIs or immunotherapy (46). The study identified several key predictors: higher ALBI grade, microvascular invasion (MVI), and distant metastases were linked to increased short-term death risk, while lower ALBI grade and absence of MVI were associated with better long-term survival.

An exploratory analysis from the KEYNOTE-240 trial found that CTNNB1 mutations did not significantly impact pembrolizumab outcomes in advanced HCC (47). However, another investigation into CTNNB1 mutations in HCC patients revealed that lower CTNNB1 expression was associated with improved overall survival (OS), particularly in patients treated with ICIs or tyrosine kinase inhibitors (TKI), highlighting the potential of CTNNB1 expression as a biomarker for treatment selection (48). A post-hoc analysis from the REFLECT trial investigated ctDNA mutations in HCC patients treated with lenvatinib or sorafenib. Common mutations included TERT, TP53, and CTNNB1, with TP53 mutations linked to overall survival. This highlights the need for further research on these mutations’ impact on treatment outcomes (49). Another study showed that tumor-informed ctDNA is a reliable biomarker for detecting minimal residual disease (MRD) and guiding adjuvant therapy in HCC, enhancing postoperative management precision (50).

Targeted therapies, particularly TKIs, have shown efficacy but are limited by the development of resistance, often due to tumor heterogeneity. The use of biomarkers, such as hypoxia scores and ctDNA, may help personalize therapy and optimize outcomes. Combination strategies with locoregional treatments or immunotherapies may improve efficacy, but further research is needed to refine these approaches and address resistance mechanisms.





Conclusion

The therapeutic landscape of HCC continues to evolve, with significant advancements across various treatment modalities. ICIs have demonstrated notable improvements in survival outcomes, especially in combination therapies, though variability in patient responses and immune-related adverse events (irAEs) remain key challenges. Locoregional treatments like TACE and HAIC play a crucial role, particularly in combination with systemic therapies. CAR-T therapies, while promising, face significant hurdles in the solid tumor microenvironment and require further refinement in delivery and toxicity management. Oncolytic viruses offer potential as novel therapies, though their response rates remain modest, and targeted therapies, particularly TKIs, are hindered by the development of resistance. Future efforts should focus on optimizing combination therapies, improving patient selection with biomarker-driven approaches, and addressing the challenges of treatment resistance and adverse effects to maximize the benefits of these innovations for HCC patients.
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Background

The five-year recurrence rate for patients with hepatocellular carcinoma (HCC) is as high as 70%. Patients with high-risk recurrence factors experience significantly poorer prognosis. Local regional therapies, including transarterial chemoembolisation (TACE), hepatic arterial infusion chemotherapy (HAIC), radiotherapy, and emerging immunotherapy, are commonly used adjuvant treatment options. We conducted an indirect comparison of these adjuvant therapies for such patients.





Methods

We conducted a systematic search in public databases for relevant studies and assessed the efficacy and safety of the corresponding therapies by consolidating disease-free survival (DFS), overall survival (OS), and adverse events (AEs).





Results

A total of eight randomised controlled trials were ultimately included. The Gelman-Rubin plot and kernel density estimation indicate that the stability of the combined model is satisfactory.





Conclusion

immunotherapy is not inferior to local regional therapies in delaying tumour recurrence, however, the higher incidence of AEs remains a significant concern. Adjuvant radiotherapy demonstrated superior efficacy in delaying tumour recurrence compared to adjuvant TACE, although further support from phase III clinical trial evidence is required.





Systematic review registration

https://www.crd.york.ac.uk/prospero/, identifier CRD42024576316.





Keywords: hepatocellular carcinoma, TACE, HAIC, adjuvant therapy, immunotherapy, network meta-analysis




1 Introduction

Hepatocellular carcinoma (HCC) is one of the top three causes of cancer mortality in 46 countries and ranks among the top five causes of cancer death in 90 countries globally. It is projected that by 2024, the incidence and mortality of liver cancer will increase by over 50% (1). To date, radical surgery remains the primary curative treatment for patients with early-stage tumours; however, its five-year recurrence rate still reaches 40% to 70% (2). Patients with high-risk recurrence factors, including vascular invasion, tumour diameter ≥5 cm, multifocal tumours, satellite nodules, poorly differentiated tumours (corresponding to Edmonson-Steiner grades III-IV), and non-capsulated tumours, exhibit significantly higher early and late recurrence rates, which pose a substantial challenge to patient prognosis (3–5). Therefore, it is essential to develop appropriate adjuvant therapies to reduce the postoperative recurrence rate in HCC patients with high-risk recurrence factors.

In China, adjuvant TACE is recommended to reduce recurrence rates (2), and its efficacy has been validated by phase III clinical trials (6–8). In addition, other adjuvant therapies, including hepatic arterial infusion chemotherapy (HAIC) and radiotherapy (RT), have also been implemented in clinical practice and are supported by high-quality randomized controlled trials (9–11).

With the advent of the era of immunotherapy, immune checkpoint inhibitors have shown surprising efficacy in this patient population. With the advent of the era of immunotherapy, immune checkpoint inhibitors have demonstrated surprising efficacy in this patient population (12, 13) and have significantly prolonged the recurrence-free survival of these patients in randomized controlled trials (14, 15).

With the emergence of various therapies, there is a need for a deeper understanding of their efficacy. In the absence of head-to-head clinical trials, we conducted a network meta-analysis to indirectly compare the efficacy of endovascular therapy, RT, and immune checkpoint inhibitors.




2 Methods



2.1 Protocol and registration

This systematic review and network meta-analysis complied with the Preferred Reporting Items for Systematic Review and Meta-Analyses (PRISMA) statement (Supplementary Table S1) (16). The protocol for this meta-analysis was registered with PROSPERO (ID: CRD42024576316).




2.2 Data sources and search strategies

We conducted a comprehensive search of articles and references in PubMed, Embase, Web of Science, Cochrane Library and Scoups databases. Literature searches were conducted from the time the database was created until October 3, 2024 with the language restricted to English. The detailed search strategies are provided in Supplementary Table S2. The studies were independently selected by two researchers who screened the titles and abstracts to identify relevant articles and read the full texts for inclusion. Any disagreements regarding eligibility for inclusion in the analysis were resolved through discussion with the team of researchers.




2.3 Eligibility criteria

Published studies that met the following criteria were included:

	Patients with hepatocellular carcinoma (HCC) who have undergone radical surgery and are assessed preoperatively/intraoperatively as having a moderate to high risk of recurrence include those with the following criteria: multiple lesions ≥ 3, a single lesion with a diameter ≥ 5 cm, microvascular invasion or portal/hepatic vein invasion, and poor differentiation (Edmonson-Steiner grade III/IV);

	The trial reported one or more of the following clinical outcomes: disease-free survival (DFS), defined as the time from the start of the study to the patient’s first tumour progression or death; 1-year DFS (1-DFS), defined as the proportion of patients in the cohort who have not experienced tumor progression or death within one year after the initiation of the study; overall survival (OS), defined as the time from the start of the study to the onset of death; ≥ 3 grade adverse events (≥ 3 AEs), defined as the incidence of level 3 or higher adverse events as defined by the National Cancer Institute Common Terminology Criteria for Adverse events (CTCAE).

	The interventions of interest include endovascular therapies such as TACE and HAIC, RT, targeted therapies, and immunotherapy;

	A randomised controlled trial.



In addition, abstracts, reviews, conference papers, case reports, and animal or in vitro studies were excluded.




2.4 Data extraction and risk of bias assessment

The research team members prepared a standardised Excel spreadsheet in advance for data extraction. The extracted data included the basic characteristics of the studies, which encompassed the first author, year of publication, country, duration of the study, study phase, clinical trial registration number, inclusion criteria, and sample size; the basic characteristics of the patient cohort, including median age, sex ratio, HBV infection rate, proportion of multiple tumours, proportion of vascular invasion, Child-Pugh liver function classification, and interventions; as well as the outcome data of the studies, including DFS, 1-DFS, OS, and ≥3 AEs.

Two researchers (JiahaoL and YL) independently used the Cochrane tool (RoB2) to assess the methodological quality of included studies. Five domains of the original study were assessed: bias during randomisation, bias in deviation from established interventions, bias in missing outcome data, bias in outcome measurement, and bias in selective reporting. Any disagreements were resolved by consensus through discussions among the team researchers.




2.5 Statistical analysis

The primary outcomes were DFS and 1-DFS. The secondary outcomes were OS and ≥3 AEs. We assessed the efficacy of the different treatment regimens by combining the odds ratios (ORs) of the 1-DFS outcomes and the hazard ratios (HRs) of the two survival outcomes with their 95% confidence intervals (95% CIs) and chose whether to use either a random-effects model or a fixed-effects model based on the I2 value.

We constructed network plots of various treatment regimens to visually display the direct and indirect comparisons among different treatment options. The gemtc package in R version 4.4.1 was used to fit a consistency model, and we assessed the convergence of the Markov chains using the Gelman-Rubin diagnostic and kernel density estimation plots. In addition, we performed heterogeneity tests. Subsequently, subgroup analysis was conducted for the primary outcome measure, DFS, and meta-regression analysis was performed to explore possible factors influencing the analysis results. All tests were two-sided, and a p-value of <0.05 was considered statistically significant.





3 Results



3.1 Research screening and characterisation

A total of 12010 articles were retrieved from PubMed, Cochrane Library, Embase, Web of Science and Scoups databases. After removing duplicate records and excluding reviews, abstracts, editorials, conference articles, and studies not relevant to the research content through reading titles and abstracts, a total of 13 articles were subjected to full-text review. Ultimately, 8 studies were included in this meta-analysis (Figure 1). Among these studies, 7 were conducted in China, while 1 was conducted across multiple countries. A total of 5 adjunctive treatment regimens were included: TACE (transcatheter arterial chemoembolization), HAIC, RT, atezolizumab + bevacizumab, and sintilimab. In total, 1,909 subjects were enrolled in these studies (Figure 2). The basic characteristics of the included studies are presented in Supplementary Table 3.

[image: Flowchart showing the identification of studies via databases and registers. Initially, 12,010 records are identified from PubMed, Cochrane Library, Embase, Web of Science, and Scopus. After removing 7,387 duplicates, 4,623 records are screened. Of these, 4,610 are excluded for reasons like irrelevance, being review articles, and abstracts. Thirteen reports are assessed for eligibility, with five excluded, leaving eight studies included in the review.]
Figure 1 | Flow diagram of article search and study selection.

[image: Diagram showing a hub-and-spoke model centered on "Radical Surgery." Five circles labeled "Adjuvant RT" (N=2), "Adjuvant TACE" (N=3), "Adjuvant HAIC" (N=1), "Adjuvant Sintilimab" (N=1), and "Adjuvant Atezolizumab plus Bevacizumab" (N=1) connect to the center. Lines vary in thickness according to the N value.]
Figure 2 | Network diagram.




3.2 Risk of bias

All studies achieved complete outcome reporting with random allocation. They were all open-label studies. Except for the study by Qin et al., which had some risk in terms of randomization, the other 7 studies exhibited a low risk of bias across the 5 assessed domains (Supplementary Figure 1).




3.3 DFS

All included studies provided analyzable data on DFS. Compared to surgery alone, the postoperative adjuvant treatment regimens included demonstrated a significant benefit in DFS. In indirect comparisons, RT showed a superior effect in delaying recurrence compared to TACE (HR: 1.74; 95% CI: 1.09, 2.8) and atezolizumab combined with bevacizumab (HR: 0.56; 95% CI: 0.33, 0.92). Meanwhile, no significant statistical differences were observed between TACE, HAIC, atezolizumab combined with bevacizumab, and sintilimab (Figure 3). The Gelman-Rubin plot and kernel density estimation indicate a satisfactory convergence of the MCMC chains and demonstrate the robustness of the model (Supplementary Figure 2).

[image: Table displaying data with letters A to F as column headers. Each cell contains a numerical value followed by a range in parentheses. The table is shaded with alternating light and dark gray cells, possibly indicating different categories or significance.]
Figure 3 | Summary of Network Meta-Analysis. pooled risk ratio (95% confidence interval) for DFS (upper triangle); pooled risk ratio (95% confidence interval) for 1-DFS (lower triangle). A, Radical surgery alone; B, Radical surgery + adjuvant TACE; C, Radical surgery + adjuvant RT; D, Radical surgery + adjuvant HAIC; E, Radical surgery + adjuvant atezolizumab plus bevacizumab; F, Radical surgery + adjuvant sintilimab.

All included studies provided analysable data on 1-DFS. All the adjuvant treatment regimens assessed demonstrated a significant benefit in terms of 1-DFS. In the indirect comparison, none of the included adjuvant treatment regimens showed a significant statistical difference (Figure 3). The Gelman-Rubin plot and kernel density estimation illustrate that the convergence of the MCMC chains is satisfactory and demonstrate the robustness of the model (Supplementary Figure 3).




3.4 OS

All included studies reported overall survival (OS) data. Compared to surgery alone, adjuvant TACE (HR: 0.63; 95% CI: 0.50, 0.81) and adjuvant RT (HR: 0.45; 95% CI: 0.28, 0.74) demonstrated a significant OS benefit. Although adjuvant HAIC (HR: 0.57; 95% CI: 0.31, 1.04) and adjuvant sintilimab (HR: 0.51; 95% CI: 0.25, 1.01) did not reach statistical significance, they still showed a favorable trend. In the indirect comparison, RT, HAIC, and sintilimab demonstrated a superior OS benefit compared to atezolizumab plus bevacizumab (Figure 4). However, it is important to note that in the studies involving HAIC, atezolizumab plus bevacizumab, and sintilimab, the different study cohorts did not reach the OS endpoint, thereby reducing the credibility of these results. The Gelman-Rubin plot and kernel density estimation illustrate that the convergence of the MCMC chains is satisfactory and demonstrate the robustness of the model (Supplementary Figure 4).

[image: Chart with categories A to F. Under A: 1.58 (1.23, 2.02), 2.2 (1.36, 3.61), 1.75 (0.96, 3.21), 0.71 (0.39, 1.26), 1.98 (0.99, 3.94). Under B: 1.4 (0.81, 2.42), 1.11 (0.58, 2.13), 0.45 (0.24, 0.84), 1.25 (0.6, 2.61). Under C: 0.8 (0.37, 1.72), 0.32 (0.15, 0.68), 0.9 (0.39, 2.1). Under D: 0.4 (0.17, 0.93), 1.13 (0.45, 2.82). Under E: 2.81 (1.14, 6.85).]
Figure 4 | Summary of Network Meta-Analysis. pooled risk ratio (95% confidence interval) for OS. A, Radical surgery alone; B, Radical surgery + adjuvant TACE; C, Radical surgery + adjuvant RT; D, Radical surgery + adjuvant HAIC; E, Radical surgery + adjuvant atezolizumab plus bevacizumab; F,  Radical surgery + adjuvant sintilimab.




3.5 AEs

The assessment of AEs is descriptive in nature. In the studies involving TACE, RT, and HAIC, most of the complications related to adjuvant therapy were classified as grade 1-2, indicating that the patients were generally tolerable. None of the six studies reported AEs that would change the treatment outcomes. In the IMbrave050 trial, 41% of patients in the postoperative group receiving a combination of atezolizumab and bevacizumab experienced grade 3 or 4 AEs, compared to an incidence of just 13% in the postoperative active monitoring group. Notably, there was a significant increase in the rates of hypertension, proteinuria, and decreased platelet count among those in the combination therapy group. In patients receiving postoperative treatment with atezolizumab in combination with bevacizumab, 63% experienced immune-mediated AEs of any grade, with grade 3 or 4 AEs reaching 10%. The most common events among these were hepatitis and hypothyroidism. It is noteworthy that the combination of atezolizumab and bevacizumab may increase the incidence of bleeding events. Furthermore, any grade of AEs leading to the discontinuation of atezolizumab and bevacizumab occurred in 9% of patients. In the study by Wang et al., 63.9% of patients in the sintilimab group experienced treatment-related AEs of any grade, with 12.4% experiencing grade 3 or 4 treatment-related AEs. Similar to the IMbrave050 trial, 8.1% of patients discontinued treatment due to AEs, with elevated ALT levels being a major contributing factor. Table 1 summarizes the incidence of select ≥3 AEs.

Table 1 | Descriptive assessment of ≥3 AEs.


[image: Table showing side effects of various treatments from different studies, including TACE, RT, HAIC, Atezolizumab plus bevacizumab, and Sintilimab. Columns list side effects like fever, fatigue, pain, nausea/vomiting, gastric ulcer, ALT/AST increase, bilirubin increase, anemia, leukopenia, decreased platelet count, hypertension, proteinuria, and pruritus, with percentage or "NA" for not available.]



3.6 Probability of ranking

Figure 5 shows the Bayesian ranking of the different outcomes for the different treatment options. Supplementary Table S4 summarises the ranking results. The Bayesian ranking results were consistent with the results of the HR analyses. Furthermore, we conducted a comprehensive assessment of the included treatment regimens based on the SUCRA values, as presented in Table 2.

[image: Two bar graphs labeled A and B compare DFS and OS. Both graphs display data across categories A to F on the x-axis with values from 0.0 to 0.8 on the y-axis. Different shades represent distinct data points.]
Figure 5 | Bayesian ranking plot of treatment. (A) DFS; (B) OS. A, Radical surgery alone; B, Radical surgery + adjuvant TACE; C, Radical surgery + adjuvant RT; D, Radical surgery + adjuvant HAIC; E, Radical surgery + adjuvant atezolizumab plus bevacizumab; F, Radical surgery + adjuvant sintilimab.

Table 2 | Ranking based on SUCRA values.


[image: Table comparing treatment rankings for Disease-Free Survival (DFS) and Overall Survival (OS) based on SUCRA percentages. For DFS, Treatment C ranks best at 93.63%, followed by D, F, B, E, and A as worst. For OS, Treatment C also ranks best at 84.01%, with F, D, B, A, and E following. Treatment descriptions are provided below the table.]



3.7 Heterogeneity assessment

We performed a pairwise meta-analysis of the outcomes from different treatment regimens. The results indicated that there was no significant heterogeneity in the combined DFS and OS (I² = 0%) (Figures 6, 7).

[image: Forest plot displaying hazard ratios from various studies comparing treatments B, C, D, E, and F against A. Each comparison includes individual study results and pooled estimates, shown as horizontal lines with squares indicating the hazard ratio and confidence intervals. The plot provides I-squared values, showing heterogeneity is zero across pooled analyses. Values range around 0.3 to 3.0.]
Figure 6 | The pairwise meta-analysis of DFS. A. Radical surgery alone; B, Radical surgery + adjuvant TACE; C, Radical surgery + adjuvant RT; D, Radical surgery + adjuvant HAIC; E, Radical surgery + adjuvant atezolizumab plus bevacizumab; F, Radical surgery + adjuvant sintilimab.

[image: Forest plot displaying hazard ratios with 95% credible intervals for multiple studies comparing different treatments (B, C, D, E, F) against a control (A). Studies are grouped, and each comparison shows individual study results, pooled pair-wise estimates, indirect back-calculated estimates, and network estimates. Pooled network estimates are represented by black squares, and variability (I^2) is mostly zero percent. Hazard ratios are plotted on a logarithmic scale from 0.4 to 3. Values indicate the relative effect of the treatments compared to control.]
Figure 7 | The pairwise meta-analysis of OS. A, Radical surgery alone; B, Radical surgery + adjuvant TACE; C, Radical surgery + adjuvant RT; D, Radical surgery + adjuvant HAIC; E, Radical surgery + adjuvant atezolizumab plus bevacizumab; F, Radical surgery + adjuvant sintilimab.




3.8 Subgroup analyses

Subgroup analyses of DFS results were conducted based on the age of the study cohorts, tumor differentiation, and tumor quantity (Figure 8). The results showed that both adjuvant HAIC and sintilimab provided significant DFS benefits in these patients.

[image: Forest plot illustrating the lnHR (log hazard ratio) with 95% confidence intervals for various comparisons versus A. Categories include age under sixty, age over sixty, high differentiation, poor differentiation, solitary tumor, and multiple tumors, each with subcategories B, D, E, and F. Points and lines indicate lnHR values and their confidence intervals on the horizontal axis ranging from negative three to 0.4.]
Figure 8 | The outcome of subguoup analyses. A, Radical surgery alone; B, Radical surgery + adjuvant TACE; C, Radical surgery + adjuvant RT; D, Radical surgery + adjuvant HAIC; E, Radical surgery + adjuvant atezolizumab plus bevacizumab; F, Radical surgery + adjuvant sintilimab.




3.9 Network regression analysis

Network meta-regression analysis of disease-free survival (DFS) results revealed that variables such as study duration, sample size, patient age, gender, HBV infection, multiple tumours, and vascular invasion were not significantly associated with the combined DFS outcomes (Table 3).

Table 3 | Meta-regression results.


[image: Table showing covariates with coefficients and 95% confidence intervals. Starting year: 0.037 (-0.331, 0.405), sample size: 0.050 (-0.770, 0.888), age of patients: -0.003 (-0.382, 0.375), sex of patients: -0.002 (-0.322, 0.320), HBV infection: -0.047 (-0.651, 0.556), number of tumors: -0.037 (-0.383, 0.309), vascular invasion: 0.042 (-0.303, 0.388).]




4 Discussion

In recent years, there has been rapid advancement in the treatment of hepatocellular carcinoma HCC. Currently, localized regional therapies and combination treatment strategies based on these local therapies are important options for patients. Endovascular therapies such as TACE and HAIC are widely used and supported by high-quality randomized controlled trials RCTs (17, 18). Combination therapies based on TACE are being extensively explored in various clinical scenarios (19). HAIC is another endovascular therapy that exerts tumor control by continuously infusing chemotherapy drugs directly into the tumor lesion. In clinical practice, HAIC is often employed to treat HCC patients with a high tumor burden and those in more advanced stages of the disease. Based on the FOLFOX chemotherapy regimen, HAIC has demonstrated significant clinical efficacy in certain patient subgroups, including those with large tumor burdens, advanced HCC, and portal vein invasion (18, 20, 21). The application of immune checkpoint inhibitors has ushered in a new era of immunotherapy for HCC (22–24). Although some guidelines recommend the combination of atezolizumab and bevacizumab as the preferred treatment for advanced HCC (25), the relatively high incidence of adverse reactions associated with this regimen remains a cause for concern (26). So far, radical tumour resection remains the primary curative treatment for patients with early-stage HCC. However, the high postoperative recurrence rate continues to be a significant factor affecting patient prognosis, particularly among those with high-risk recurrence factors. Such patients often exhibit more aggressive tumour phenotypes and biological behaviour (27, 28). Therefore, it is crucial to implement necessary measures to reduce the recurrence rate (20).

This network meta-analysis compared the effects of endovascular therapy, radiotherapy, and immunotherapy in patients with HCC who underwent radical surgery and presented with high-risk recurrence factors. The main findings are summarised as follows: in patients with HCC exhibiting high-risk recurrence factors, adjuvant endovascular therapy, radiotherapy, and immunotherapy all demonstrated significant efficacy in controlling recurrences. In indirect comparisons, adjuvant radiotherapy showed superior recurrence control compared to TACE and the combination of atezolizumab and bevacizumab; however, no statistically significant differences were observed between adjuvant radiotherapy and adjuvant HAIC or sintilimab. In direct comparisons regarding OS, postoperative TACE and radiotherapy exhibited improved OS outcomes compared to surgery alone. In indirect comparisons of OS, postoperative radiotherapy, HAIC, and sintilimab provided superior OS benefits compared to the combination of atezolizumab and bevacizumab. Moreover, sintilimab and the combination of atezolizumab and bevacizumab were associated with a tendency towards a higher incidence of serious AEs.



4.1 Research strengths and limitations

This study conducted a comprehensive analysis of the effectiveness and safety of five adjuvant therapeutic approaches by investigating three outcome indicators: DFS, OS, and AEs. Prior to initiating the research, we established an extensive search strategy, ensuring that the data incorporated were thorough and derived from high-quality randomised controlled trials, which further enhanced the credibility of the study. Additionally, we performed subgroup analyses and meta-regression analyses to provide further recommendations for clinical decision-making for this patient population.

However, this study does have limitations. Firstly, the potential variations in study protocols, patient populations, and interventions among the included studies make it challenging to draw definitive conclusions. For instance, the inclusion of different adjuvant therapies and patient cohorts with varying baseline characteristics may introduce confounding factors that cannot be fully addressed, even though network meta-regression analyses may have partially mitigated this bias. Secondly, among the eight studies included, seven were conducted in China, while only one was a multinational study. This raises concerns about the generalizability of the results to populations outside of China, as regional differences in the etiology, genetics, and healthcare practices related to hepatocellular carcinoma. Thirdly, although all studies reported OS, the studies conducted by Li et al. (11), Qin et al. (15), and Wang et al. (14) did not reach the OS endpoint. This weakens the overall conclusions regarding the survival benefits of these therapies and reduces the credibility of the results, especially concerning the indirect comparisons in the network meta-analysis. Therefore, the combined outcomes may be subject to considerable bias, and the analysis results should be interpreted with caution.




4.2 Study implications and prospects

There remains ongoing debate regarding adjuvant therapy for HCC. Guidelines from Western countries and some East Asian nations do not recommend or explicitly endorse adjuvant treatment for patients with high-risk recurrence factors (29–32). Postoperative active surveillance can assist clinicians in identifying early tumor recurrences, which may be treated through subsequent radical resection. However, portal hypertension, insufficient functional reserve of the remaining liver, and technical difficulties may render repeated resections challenging and risky (33). Therefore, discussing suitable and effective adjuvant therapy options is of paramount importance.

In China, adjuvant TACE is recommended for patients to reduce recurrence rates (2). This study supports the utility of radiotherapy, HAIC, and immunotherapy in adjuvant treatment, contributing to updates in the guidelines. The findings demonstrate that external beam radiotherapy shows significant potential for the management of HCC patients with high-risk recurrence factors. With the advancement of new technologies such as three-dimensional conformal radiotherapy, intensity-modulated radiation therapy, and stereotactic body radiation therapy, it is now possible to enhance the radiation dose delivered to target areas while better sparing adjacent healthy liver tissue. This significantly facilitates the clinical application of radiotherapy techniques (9, 34). Furthermore, the results of this study demonstrate that adjuvant immunotherapy is not inferior to local regional therapies in terms of efficacy, thereby promoting the application of immunotherapy in a broader range of clinical scenarios. However, the higher incidence of adverse reactions associated with immune checkpoint inhibitors and their safety profile remain important concerns that warrant attention.

At the same time, the results of this study highlight several issues that need to be addressed in the future. Firstly, current research provides very limited data on long-term outcomes. While DFS is important, a more comprehensive exploration of overall survival over longer follow-up periods would be more beneficial. Secondly, certain adjuvant therapies, particularly the combination of atezolizumab and bevacizumab, exhibit a high incidence of adverse reactions, raising concerns regarding the safety of these treatments. The significantly increased rates of hypertension, proteinuria, and thrombocytopenia, as well as immune-mediated adverse effects such as hepatitis and hypothyroidism in these patient populations, underscore the need for a more careful risk-benefit analysis in clinical practice. Thirdly, future trials should aim to include direct head-to-head comparisons of the most promising treatments identified in this study whenever possible, to reduce the uncertainty associated with indirect comparisons. Finally, for certain therapies lacking reliable Phase III clinical trial data, further research should be conducted to reinforce the conclusions drawn from this study.





5 Conclusion

In this systematic review and network meta-analysis, we evaluated the efficacy and safety of various adjuvant treatment regimens for HCC patients with high-risk recurrence factors. The results indicate that adjuvant immunotherapy provides a comparable effect in delaying tumor recurrence when compared to local regional therapies; however, its safety profile remains a significant concern, necessitating the establishment of stringent usage criteria before clinical application. Adjuvant radiotherapy demonstrated superior efficacy in delaying tumor recurrence compared to adjuvant TACE, but further support from Phase III clinical trial evidence is required. Additionally, the long-term effects of HAIC and immunotherapy in this patient population warrant further investigation.
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Background

Hepatocellular carcinoma (HCC) is a highly lethal and invasive cancer. Targeted and immunotherapies are the primary treatment options for unresectable advanced HCC. There are no recognized and consistent systemic follow-up treatments for patients with HCC who experience disease progression after first-line targeted therapies and immune checkpoint inhibitors (ICIs). According to a few studies, lenalidomide is an immunomodulatory drug that has the potential to be an effective treatment for patients who have progressed after treatment with targeted drugs and ICIs.





Case summary

This article focuses on a patient with HCC whose disease progressed after first-line targeted therapy and ICI therapy combined with lenalidomide as second-line therapy on the basis of the original targeted and ICI regimens, resulting in a favorable oncologic outcome with acceptable toxicity. The progression-free survival (PFS) of the patients in this study reached 3 years, which is much longer than that previously reported, and no progression has occurred thus far.





Conclusions

This case implies that in patients with hepatocellular carcinoma who have failed first-line targeted therapy and ICIs, targeted therapy and ICIs can be restarted with the addition of lenalidomide, with surprising results.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common cancers in China. Approximately 60-70% of patients have locally advanced or metastatic disease at diagnosis (1). It is a highly lethal and invasive cancer of the liver, and only a small percentage of patients are eligible for potentially curative therapies. Despite the range of localized treatments available to patients, systemic therapy often becomes the treatment of choice for patients who are inoperable and receive other localized treatments. Targeting immune checkpoint inhibitors (ICIs) play an important role in the treatment of HCC and are the main systemic therapeutic option for patients with advanced, metastatic or progressed disease. Recently, several new systemic treatment regimens have been identified from a number of clinical trials for the upfront treatment of advanced and metastatic HCC. However, until recently, there have been no well-recognized and consistent systemic therapies available for patients with HCC who have disease progression on or after first-line targeted therapy and ICIs. Multiple second-line studies are underway, but thus far, there are no definitive results. Some studies have explored new immune checkpoints that show promise as potential new avenues for second-line treatment in liver cancer, such as some emerging phagocytosis checkpoints (2, 3) and bispecific antibodies targeting immunomodulatory checkpoints for cancer therapy (4, 5).

Lenalidomide is an immunomodulatory and antineoplastic agent that was first used for the treatment of multiple myeloma. It is a thalidomide derivative that has similar but more potent activity as an antineoplastic agent. Lenalidomide has immunomodulatory, anti-inflammatory, antiangiogenic and antineoplastic effects. The mechanism of action of these agents in treatment is not well defined but may be related to inhibition of tumor necrosis factor (TNF) alpha, a potent proinflammatory cytokine, or to stimulation of T and NK cell activity (6, 7). Recently, one study revealed that lenalidomide targets the CRL4CRBN ubiquitin ligase to activate the Notch and interleukin-2 pathways in tumor-infiltrating CD8+ T cells. These T cells respond to PD-1-blocking antibodies even in the absence of the CD28 costimulatory receptor after treatment with lenalidomide. Lenalidomide can clinically enhance PD-1 therapy efficacy when treating solid tumors infiltrated with abundant CD28+CD8+ T cells. Molecular glue degraders, such as lenalidomide and pomalidomide, benefit individuals with cancer not only by killing cancer cells directly but also by promoting T-cell-based ICIs (8). We first propose that the efficacy of lenalidomide may be enhanced by combining or following ICIs. Our patient had HCC progression after first-line targeted therapy and ICIs and achieved a better tumor response and longer survival with lenalidomide, and lenalidomide regained efficacy after anti-PD-1 therapy and has not yet progressed.





Case presentation




Chief complaints

The patient was a 54-year-old male whose chief complaint was anorexia, and he was subsequently diagnosed with HCC for 3 weeks.





History of present illness

The patient was a 54-year-old man who was diagnosed with HCC on June 7, 2020, with a large mass on his left liver lobe (Figure 1A). The levels of alpha-fetoprotein (AFP) and antagonist-II (PIVKA-II) in this patient were significantly greater.
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Figure 1 | Image of the first patient during the initial treatment and the irradiation treatment plan of the bone metastasis of patient after progressing. (A) Liver images of the patient during the course of disease at diagnosis. (B) The target volume and the dosimetric distribution of the irradiation of the liver malignant. (C) The Dose-Volume Histogram (DVH) of the target volume and organ at risk (OAR) for evaluations of treatment plan. (D, E) The target volume of irradiation on the metastasis of the left ilium after three months of lenvatinib treatment. (F) The Dose-Volume Histogram (DVH) of the target volume and organ at risk (OAR) for evaluations of treatment plan.





Personal and family history

No special notes.





Treatment and efficacy

All ancillary tests revealed that the patient had a portal vein cancerous embolus of the VP3 type at the time of initial diagnosis, and there was no indication for surgery. The patient initially received radiation therapy (RT) targeted to the liver tumor (50 Gy in 25 fractions) from June 25, 2020, to July 7, 2020 (Figures 1B,C). Moreover, the patient received lenvatinib (8 mg daily), and the treatment efficacy was evaluated for PR within 3 months until September 2020. Then, a bone scan revealed new metastasis in the left ilium. Radiotherapy was added to the metastasis of the left ilium at 30 Gy in 10 fractions (Figures 1D–F) with continuous targeted therapy consisting of lenvatinib and an added anti-PD-1 agent (camrelizumab, 200 mg). On March 15, 2021, hepatic arterial infusion chemotherapy (HAIC) was administered with the FOLFOX regimen because the intrahepatic lesions were still active. Systemic treatment was well tolerated, with a continuous tumor response in the liver for approximately 1 year until June 2021. Magnetic resonance imaging of the liver revealed progression of the liver lesion with new metastases in the right hepatic lobe and enlargement of the original tumor lesion (Figures 2A, B). Then, lenalidomide was added on June 25, 2021, accompanied by continuous lenvatinib treatment (8 mg daily) and anti-PD-1 therapy (camrelizumab 200 mg) until now. The patient achieved significant disease control after 3 weeks, 3 months and 6 months of lenvatinib and anti-PD-1 plus lenalidomide treatment (Figures 3A–C). Throughout the entire treatment process, the only drug-related adverse reaction observed was a second-degree decrease in the platelet count.

[image: MRI scans of the abdomen in two panels, labeled A and B. Panel A shows a cross-sectional view with evident organ structures, while panel B displays a similar view with noticeable differences. Both images highlight varying textures and densities within the abdominal region.]
Figure 2 | The image of the case during the initial treatment. (A) The original tumor size of liver shrinked significantly 1 week after HAIC and anti-PD-L1 treatment. (B) The enlarged primary tumor of the left lobe of liver and the new lesion appeared in the right lobe after Lenvatinib and anti-PD-L1 treatment. MRI, magnetic resonance imaging.

[image: Six MRI scans labeled A to F show a cross-sectional view of the abdomen. Each image depicts the liver, kidneys, and surrounding organs with varying levels of detail, contrast, and apparent lesions or abnormalities. The sequence may illustrate different phases, slices, or progression over time.]
Figure 3 | The liver MRI after lenalidomide interruption followed by the initiating of anti-PD-1 treatment and Lenvatinib again. (A) The remains of tumor regression after 3 weeks of Camrelizumab plus Lenvatinib. (B) The remains of tumor were continuous regressed after 3 months of Camrelizumab plus Lenvatinib. (C) The lesions of liver nearly disappeared after 6 months of the combination of lenalidomide and Lenvatinib. (D–F) The disease is still responding until now so far. MRI, magnetic resonance imaging.





Outcomes and follow-up

After 9 months, 1 year and 2 years of treatment with lenalidomide, anti-PD-1 therapy and targeted therapy, the disease still responded (Figures 3D–F). The tumor markers AFP and PIVKA-II were continuously at low levels after combination with lenalidomide (Figures 4A, B).

[image: Line graphs labeled A and B show changes in AFP and PIVKA-II levels over time. Graph A peaks at 5206.41 on June 21, 2020, decreasing significantly afterwards. Graph B shows a peak of 20493.81 on September 11, 2020, with fluctuation and gradual decline over time.]
Figure 4 | The level of the tumor markers of AFP and PIVKA-II of the first patient during the course of disease. (A) There was a continuous decline of AFP after lenalidomide and remained low level until the last follow-up date. (B) The level of PIVKA-II was declined after lenalidomide treatment. AFP, alpha-fetoprotein. PIVKA-II, vitamin K absence or antagonist-II.

In the case report, treatment consent was obtained from the patient, and she is satisfied with the therapeutic schedule and the results so far. We have de-identified the details such that the identity of the patient may not be ascertained in any way. All procedures performed in this study were in accordance with the ethical standards of the institutional and/or national research committee(s) and with the Helsinki Declaration (as revised in 2013). Written informed consent was obtained from the patient for publication of this case report and accompanying images.






Discussion

There are no subsequent-line systemic therapy options for patients with HCC who experience disease progression after first-line treatment with ICIs. All the clinical trials for second-line treatment are based on sorafenib as the initial treatment. In our case, we presented the disease progression of an HCC patient after ICIs and lenvatinib. After the addition of lenalidomide to ICIs and lenvatinib treatment, the tumor shrunk again and has been controlled for more than 3 years, with no progression to date. At the initial treatment, the patient achieved an approximately 9-month DOR from September 2020 to June 2021 through camrelizumab plus lenvatinib. The progression-free survival (PFS) of the patient was much longer than that previously reported in the IMbrave 150 trial (6.9 months) (9) and the RESCUE trial (5.5 months) (10). A comparison of the combination of lenvatinib and pembrolizumab versus lenvatinib alone as a first-line treatment was completed in a randomized phase III trial, LEAP-002. Although the studies did not meet the primary endpoints (OS and PFS), the ORR was high, and the OS was long; therefore, in practice, this regimen is still used as the first-line treatment option for HCC in many medical centers in China because of its relatively high ORR and reduced risk of gastric bleeding (11). Unfortunately, patients inevitably progress from ICIs and targeted therapy.

Treatment with targeted ICIs is the mainstream first-line treatment for HCC, but there are few clinical data on the optimal treatment after first-line targeted therapy and ICIs. At present, the results of more second-line studies are mainly based on the failure of first-line administration of sorafenib. Therefore, there is an urgent need to find an effective second-line treatment for HCC after the failure of first-line targeted therapy and ICIs.

We considered the immune microenvironment of HCC and the mechanism of action of ICIs. The main inhibitory immune checkpoint receptors that naturally restrain T-cell activity and play vital roles in maintaining self-tolerance include PD-1, CTLA4, LAG3 and TIM3, whereas CD28, GITR and OX40 are examples of costimulatory immune checkpoint proteins that have been shown to enhance T-cell expansion (12). The interaction between PD-L1 and PD-1 leads to broad dephosphorylation of T-cell-activating kinases (13), resulting in T-cell inactivation; thus, PD-1–PD-L1 blockade restores effector CD8+ T-cell function (14). CTLA4 inhibition acts at the T-cell–antigen-presenting cell immune synapse by promoting unopposed interactions of B7 costimulatory ligands with CD28, leading to increased activation of naive CD4+ and CD8+ T cells and rebalancing of the effector and regulatory compartments within the tumor microenvironment (TME) (15, 16). In addition, programmed cell death protein 1 (PD-1) checkpoint blockade therapy requires the CD28 costimulatory receptor for CD8+ T-cell expansion and cytotoxicity. However, CD28 expression is frequently lost in exhausted T cells and during immune senescence, limiting the clinical benefits of PD-1 ICIs in individuals with cancer (17, 18).

Lenalidomide has immunomodulatory, anti-inflammatory, antiangiogenic and antineoplastic effects. Recently, one study using a mouse model of cereblon knockdown showed that lenalidomide reinstates the antitumor activity of CD28-deficient CD8+ T cells after PD-1 blockade. Lenalidomide redirects the CRL4Crbn ubiquitin ligase to degrade Ikzf1 and Ikzf3 in T cells and unleashes paracrine interleukin-2 (IL-2) and intracellular Notch signaling, which collectively bypasses the CD28 requirement for activation of intratumoral CD8+ T cells and inhibition of tumor growth by PD-1 blockade. This research suggested that PD-1 ICIs can benefit from a combination of lenalidomide and solid tumors infiltrated with abundant CD28- T cells (8). Based on these findings, we propose that lenalidomide may be an option when patients develop immune resistance.

In this case, the patient received lenalidomide combination therapy after disease progression following first-line targeted therapy and regained efficacy with ICIs, with tumor control for more than 3 years. The mechanism for this observed activity of ICIs in patients after progression remains unclear but might at least in part be due to the regulation of the TME. The use of lenalidomide alone or in combination with ICIs can allow patients to reobtain efficacy from ICIs. However, there are no data demonstrating the effect of lenalidomide alone or in combination on ICI resistance in HCC patients. This clinical practice provides new insight into the underlying mechanism and clinical trial.





Conclusions

Our case was the first international study demonstrating that the combination of lenalidomide and ICIs can be very therapeutic for HCC patients who have progressed after first-line therapy, with a low adverse effect profile and a good safety profile. Our case also shows that lenalidomide can increase the efficacy of ICIs, even if the patient is resistant to ICIs at the start of treatment. The novelty of our case is the prolonged use of ICIs in combination with an immunomodulatory drug, which improved survival and delayed resistance to ICIs. This is a case report, and further studies are needed to validate which patients may benefit from lenalidomide. In conclusion, this protocol represents a new therapeutic option for patients with HCC after progression who are receiving targeted immunologic first-line therapy.
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Background

Advanced biliary tract cancer (BTC) is associated with a poor prognosis and limited options for second-line treatment. The TOPAZ-1 and KEYNOTE-966 trials have demonstrated the benefits of combining immune checkpoint inhibitors (ICIs) with chemotherapy in treating BTC. However, the efficacy of FOLFOX as a second-line therapy is limited, highlighting the need for more effective treatment approaches.





Methods

This retrospective study compared a triple regimen—comprising ICIs, tyrosine kinase inhibitors, and chemotherapy—to standard chemotherapy in patients with metastatic BTC who had progressed on first-line gemcitabine-based therapy. The primary endpoint was progression-free survival (PFS), with secondary endpoints including overall survival (OS), overall response rate (ORR), disease control rate (DCR), and safety.





Results

Of the 121 patients, 86 received the triple regimen and 35 received standard chemotherapy. The triple regimen showed a significantly higher ORR (37.2% vs. 2.8%, p < 0.0001) and DCR (89.5% vs. 71.4%). The median PFS was 6 months for the triple regimen compared to 2.0 months for standard chemotherapy (HR 0.29, p < 0.0001). The median OS was 16.0 months for the triple regimen versus 6.0 months for standard chemotherapy (HR 0.35, p < 0.0001). Treatment-related adverse events were comparable between the groups.





Conclusion

The triple combination of immunotherapy offers superior survival benefits compared to standard chemotherapy as a second-line treatment for advanced BTC, warranting further investigation for potential clinical adoption.





Keywords: BTC, second-line therapy, immunotherapy, combination (combined) therapy, retrospective studies




1 Introduction

Biliary tract cancer (BTC), encompassing both gallbladder cancer (GBC) and cholangiocarcinoma (CCA), represents a highly aggressive and therapeutically challenging group of malignancies. Characterized by significant heterogeneity and a complex tumor microenvironment, these cancers complicate early diagnosis and are associated with a propensity for chemoresistance (1–3). The incidence and mortality rates of BTC are rising, and affected patients face a poor prognosis. CCA is further classified into perihilar, distal, and intrahepatic subtypes based on anatomical location, exhibiting variations in etiology, epidemiology, pathogenesis, diagnosis, and treatment. For example, among CCA patients treated with the standard chemotherapy regimen of gemcitabine and cisplatin, the median survival time following early detection is approximately 24 months, which decreases to 11.7 months in cases of metastatic disease (2, 4). GBC, the most aggressive form of BTC, shows variability in median survival times based on geographical region, with the 5-year survival rate ranging from 80% for stage 0 to as low as 2% for stage IVB, according to data from the National Cancer Database.

Advanced BTC treatment primarily relies on systemic therapies. The gemcitabine and cisplatin combination regimen, known as the GC regimen, has been established as the first-line standard of care for advanced BTC based on results from the Phase III ABC-02 study (5). This regimen demonstrated a significant improvement in overall survival (OS) compared to gemcitabine alone, without increased toxicity. With the advent of immunotherapy, immune checkpoint inhibitors have increasingly been explored for liver cancer treatment. Recent trials, including TOPAZ-1 and KEYNOTE-966, have shown that combining standard first-line chemotherapy with immune checkpoint inhibitors (ICIs) targeting programmed cell death protein-1 (PD-1) or programmed death-ligand 1 (PD-L1) can enhance survival in patients with untreated metastatic or unresectable CCA (5–7). However, options for second-line treatment of advanced BTC remain limited, and the improvement in OS with the FOLFOX regimen (a combination of fluorouracil, oxaliplatin, and leucovorin) based on the Phase III ABC-06 study was not significant (8, 9).

Therefore, this study aimed to investigate the efficacy of triple regimen therapy involving ICIs, multi-targeted tyrosine kinase inhibitors (TKIs), and chemotherapy as a second-line treatment for advanced BTC. We seek to provide additional therapeutic options and insights into managing advanced BTC to enhance treatment outcomes and improve patient survival and quality of life.




2 Methods



2.1 Population and data collection

Retrospective data collection involved reviewing the medical records of patients with postoperative metastatic or unresectable BTC who experienced disease progression on first-line therapy at our institution between October 2021 and October 2023. Data acquisition included telephone follow-ups and a thorough examination of medical records. The inclusion criteria were as follows: (1) confirmed pathological diagnosis of gallbladder cancer or cholangiocarcinoma, (2) ineligibility for surgical resection, (3) inability to tolerate or progression after first-line treatment, (4) presence of measurable lesions as per the RECIST 1.1 evaluation criteria, and (5) availability of complete clinical and follow-up data. Staging was performed according to the eighth edition of the American Joint Committee on Cancer (AJCC) Staging Criteria. The exclusion criteria were as follows: (1) patients with cardiac, pulmonary, or hepatic and renal dysfunction and (2) patients with severe or life-threatening complications.




2.2 Endpoint of observation

The primary endpoint was time to progression, and the secondary endpoints included OS, objective response rate (ORR), disease control rate (DCR), and incidence of adverse events. The ORR was evaluated by dividing the number of patients achieving complete response (CR) and partial responses (PR) by the total number of patients. The DCR was calculated by dividing the total number of patients exhibiting CR, PR, and stable disease (SD) by the total number of patients.




2.3 Follow-up and efficacy evaluation

During treatment, the patients were evaluated every 2–3 months using abdominal enhanced CT, chest enhanced CT, and other tests. The RECIST 1.1 criteria were used for efficacy evaluation. Patients underwent safety follow-ups after treatment once every three weeks. After discharge, follow-up was conducted via telephone, WeChat, and outpatient visits.




2.4 Statistical analysis

GraphPad Prism 9 was used for the data analysis. Quantitative data were expressed as medians. The Kaplan–Meier method was used to plot survival curves, and the log-rank test was used to compare differences between groups. P < 0.05 was considered statistically significant.





3 Results

A total of 121 patients were included in this study, with their baseline data and treatment details presented in Table 1. Of these, 86 received the triple regimen as a second-line treatment, while 35 received standard chemotherapy. The triple regimen, termed the Tricom Cohort, consisted of tislelizumab or sintilimab (200 mg, administered every three weeks), combined with capecitabine (1500 mg, taken twice daily orally from days 1 to 14, followed by a one-week break), and tyrosine kinase inhibitors (TKIs), specifically lenvatinib (8 mg, taken daily) or anlotinib (10 mg, taken daily from days 1 to 14, followed by a one-week break). The standard chemotherapy group, referred to as the Standard Cohort, included mFOLFOX6.

Table 1 | Demographic and disease characteristics at baseline.


[image: Comparison table showing characteristics of Tricom (n=86) and Standard (n=35) cohorts. Sex: Tricom, 45% male, 55% female; Standard, 69% male, 31% female. Age: Tricom, 60 years (range 36-82); Standard, 57 years (range 39-72). ECOG PS: Tricom, 19% at 0, 78% at 1, 3% at 2; Standard, 0% at 0, 97% at 1, 3% at 2. Primary site: Tricom, 27% gall bladder, 73% biliary duct; Standard, 17% gall bladder, 83% biliary duct. CEA >5: Tricom 40%, Standard 60%. CA199 >37: Tricom 63%, Standard 77%. Distant metastasis: Tricom 100%, Standard 97%.]
There were no significant differences between the two groups in terms of sex, age, ECOG performance status, primary tumor site, levels of carcinoembryonic antigen (CEA) and carbohydrate antigen 199 (CA199), and the presence of distant metastasis (Table 1).

According to the RECIST 1.1 criteria, among the 86 patients treated with the triple regimen, 1 patient (1.2%) had CR; 31 (36.0%), PR with significant tumor shrinkage; 45 (52.3%), SD; and, 9 (10.5%), progressive disease (PD). The ORR was 37.2%, and the DCR was 89.5%. Among the 35 patients receiving standard chemotherapy, none achieved CR; 1 (2.8%), PR; 24 (68.6%), SD; and, 10 (28.6%), PD (Table 2). The ORR was 2.8%, and the DCR was 71.4%. The ORR between the two groups differed significantly (p < 0.0001) (Table 2).

Table 2 | Tumor response.


[image: Comparison table showing outcomes between Tricom cohort (n=86) and Standard cohort (n=35). ORR: 32 (37.2%) vs 1 (2.8%). CR: 1 (1.2%) vs 0%. PR: 31 (36.0%) vs 1 (2.8%). SD: 45 (52.3%) vs 24 (68.6%). PD: 9 (10.5%) vs 10 (28.6%). DCR: 77 (89.5%) vs 25 (71.4%).]
As of October 31, 2023, all patients in the tricom and standard cohorts had PD. The median progression-free survival (PFS) in the tricom and standard cohort was 6 and 2 months respectively, indicating a significant prolongation of PFS with the triple regimen (95% CI HR=0.29 [0.16–0.52], p<0.0001; Figure 1A). In the tricom cohort, 64 patients died and 4 were lost to follow-up, whereas in the standard cohort, 28 patients died. The median OS in the tricom and standard cohort was 16 and 6 months, respectively, showing a significant improvement in OS with the triple regimen (95% CI HR=0.35 [0.19–0.64], p<0.0001. Figure 1B).

[image: Two Kaplan-Meier curves compare Tricom and Standard cohorts. Chart A shows progression-free survival over 30 months; Tricom (red) shows longer progression-free survival than Standard (blue). Chart B displays overall survival over 50 months; Tricom also demonstrates increased survival. Insets show statistical data: mPFS is 6.0 vs 2.0 months, HR 0.29, p < 0.0001 for progression-free; mOS is 16.0 vs 6.0 months, HR 0.35, p < 0.0001 for overall survival.]
Figure 1 | PFS (A) and OS (B) between tricom and standard cohort.

In terms of safety, 47 patients (54.6%) in the tricom cohort experienced adverse events of varying degrees, with 17 patients (19.8%) experiencing grade 3 or higher adverse events. These included liver dysfunction in 23 patients (19.8%), with 10 cases (11.6%) being grade 3 or higher; hand–foot syndrome in 16 patients (19.0%), with 6 cases (7.0%) being grade 3 or higher; gastrointestinal reactions in 12 patients (13.5%), with 1 case (1.2%) being grade 3 or higher; hematological toxicity in 13 patients (14.6%); and, thyroid function decline, 13 patients (14.6%). Fifteen patients (42.9%) in the standard chemotherapy group experienced adverse events of varying degrees, with 4 patients (11.5%) having grade 3 or higher adverse events (Table 3).

Table 3 | Treatment-related adverse events.


[image: Table comparing adverse events of any grade and grade three or higher between Tricom and standard cohorts. Events include all, hypohepatia, hand-foot syndrome, gastrointestinal reaction, hematologic toxicity, and hypothyroidism, with percentages listed for each cohort.]



4 Discussion

Surgical resection remains the cornerstone of curative treatment for BTC. However, most patients are diagnosed at an advanced stage, which precludes surgical intervention. Consequently, first-line therapy for advanced BTC has shifted from solely chemotherapy to a combination of ICIs and chemotherapy (3, 10). There is no consensus on the preferred second-line treatment. Although standard chemotherapy is frequently used, its efficacy is limited, as demonstrated by a median OS of only 6.2 months in the FOLFOX treatment arm of the ABC-06 study (1, 2). BTC exhibits significant heterogeneity, with diverse origins and alterations in key genes and signaling pathways driving tumorigenesis. Isocitrate dehydrogenase 1 and fibroblast growth factor receptor are promising targets for advanced intrahepatic cholangiocarcinoma, indicating that targeted therapy is becoming a central component of BTC treatment (11). However, only approximately 30% of patients with BTC harbor targetable mutations. Overexpression of vascular endothelial growth factor, epidermal growth factor receptor, and platelet-derived growth factor receptor is common in BTC and correlates with a poor prognosis, making multi-targeted TKI an effective therapeutic approach (12–16). Current guidelines from the NCCN and CSCO recommend multi-target inhibitors or their combination with ICI as a category 2B recommendation for second-line treatment (1, 2).

This study innovatively explored a triple regimen comprising tyrosine kinase inhibitors (TKIs), ICIs, and chemotherapy, achieving a DCR of 89.5%, an ORR of 37.2%, a median PFS of 6 months, and a median OS of 16 months. Compared to the standard chemotherapy group, the triple regimen demonstrated significant therapeutic benefits. In contrast, the median PFS in the ABC-06 study was 2.9 months, which was similar to the median PFS in the standard chemotherapy group of this study. Several small-sample studies have investigated the efficacy of TKI monotherapy or combination therapy with ICI as a second-line BTC treatment (7, 17–21). Notably, phase 2 trials using lenvatinib or anlotinib demonstrated modest efficacy in terms of ORR and PFS (11). These results underscore the potential of both monotherapy with TKI and combination therapy with ICI as second-line BTC treatments. However, caution is warranted while interpreting efficacy data owing to variations in baseline tumor characteristics and types across studies.

In this study, patients in the triple therapy group experienced immune-related adverse events, including grade 1 or 2 rash, hypothyroidism, and diarrhea, which were in line with previous reports. These reactions were largely manageable and effectively controlled through vigilant management strategies and ongoing monitoring (19, 22–24). We conducted baseline screening before treatment and implemented regular monitoring during treatment, including hematological parameters, thyroid function tests, and skin condition observations, to ensure the timely detection and management of any adverse events. Our management strategies included closely observing symptoms, timely adjusting medication dosages, and providing necessary symptomatic treatments, such as using topical corticosteroids or antihistamines to treat rashes, thyroid hormone replacement for hypothyroidism, and antidiarrheal drugs and dietary adjustments to manage diarrhea. These measures effectively controlled most adverse events, ensuring patient safety and continuity of treatment. Furthermore, although the incidence of adverse events was higher in the triple therapy group, these events did not significantly impact patients’ quality of life, possibly due to our timely interventions and proactive management strategies. Our findings underscore the importance of baseline screening and regular monitoring when implementing triple therapy and demonstrate the potential of triple therapy in the treatment of advanced biliary tract tumors, providing valuable experience and insights for future research and clinical practice.

Despite its contributions, this study has limitations inherent to its retrospective design. Although this study highlights the favorable tumor response to the triple regimen, further validation through rigorous prospective studies is imperative. Moreover, while the triple regimen enhanced the ORR, biomarkers associated with its efficacy warrant further exploration. These limitations offer valuable insights into the design and execution of future clinical trials aimed at elucidating the efficacy of a triple combination regimen as a viable second-line treatment for advanced BTC.

In conclusion, the retrospective analysis underscores the superior efficacy of triple combination immunotherapy over standard chemotherapy in advanced BTC, with notable improvements in progression-free and overall survival. These findings suggest a promising therapeutic advancement, warranting further prospective research to validate these results and potentially redefine second-line treatment strategies for BTC patients.
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Background

Human leukocyte antigen-G (HLA-G) is a cancer-associated immune checkpoint protein implicated in tumor-driven immune escape mechanisms. This study was undertaken to determine genetic variations at the 3’-UTR of the HLA-G gene that may alter its expression, identify risk alleles and genotypes for their association with hepatocellular carcinoma (HCC), and treatment responses in the Indian population.





Objectives

Case-control genetic association study of HLA-G gene UTR polymorphisms with HCC and response to locoregional therapy (LRT).





Methods

HCC cases (n = 100) and healthy controls (n = 110) were recruited for the genetic association study, of which 88 patients received LRT. Single nucleotide polymorphisms (SNPs) at the HLA-G 3’-UTR gene were genotyped by sequencing and PCR-RFLP. The genetic association of 14 SNPs with HCC and LRT responses was determined using population genetic approaches.





Results

Three of the 14 SNPs (rs1707, rs1710, and rs1063320) were found to be genetically associated with HCC risk and treatment responses. These three UTR SNPs are important for miRNA binding. We did not observe significant association of the most studied SNP, rs371194629 (INDEL, +2960), with HCC or treatment response. Serum sHLA-G levels were found to be significantly (p = 0.027) higher in HCC patients as compared to healthy controls. Highly prevalent UTR haplotypes in Indian HCC patients were UTR-4, -1, and -7 whereas in healthy controls it was UTR-3, and 15 as determined by a linkage disequilibrium (LD) plot using 8 SNPs.





Conclusion

HLA-G SNPs are genetically associated with HCC and treatment response. Haplotypes associated with high levels of HLA-G expression are more prevalent in HCC than in healthy controls.





Core tip

Population genetic approaches were used to study HLA-G gene polymorphisms in the Indian population for its genetic association with HCC risk, treatment response and altered gene expression. Out of the 14 SNPs studied for HLA-G UTR, three were linked to HCC and response to locoregional therapy. Linkage disequilibrium and UTR haplotyping analysis show that the UTR-4 haplotype linked to high HLA-G levels, is more common in HCC patients, while the UTR-3 haplotype, linked to low HLA-G levels, is more common in healthy controls. This study is the first to look at the UTR types based on HLA-G gene polymorphisms of Indian HCC patients and their response to therapy.
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Introduction

Human leukocyte antigen-G (HLA-G) is a non-classical human HLA class I molecule, now considered an immune-checkpoint protein due to its role in tumor-driven immune escape mechanisms (1). Tumor cells employ HLA-G overexpression to evade host immune surveillance during carcinogenesis (2). This is mediated by the interaction of HLA-G with inhibitory receptors present on immune cells such as natural killer cells, T cells, B cells, dendritic cells, and neutrophils. This negative signaling counteracts the activated host immune response (3). HLA-G aberrant expressions have been observed in a variety of human cancers including cutaneous melanoma, mesothelioma, glioma, hematopoietic and trophoblastic tumors; lymphoproliferative disorders and carcinoma of lung, ovary, endometrium, bladder, breast, kidney, gastric and colorectal carcinoma. Serum levels of sHLA-G from breast cancer patients were significantly raised in comparison with the healthy individuals (4). The soluble form of HLA-G (sHLA-G) can also be detected in the supernatant of body fluids or malignant effusions from cancer patients. Increased soluble HLA-G (sHLA-G) levels have been reported in patients with melanoma, neuroblastoma, lymphoproliferative disorders, breast, ovarian and colorectal carcinoma when compared to healthy controls or subjects with benign neoplasms (2). The major risk factor for HCC is HBV and HCV infection. Altered expression of soluble and membrane bound isoforms of HLA-G is observed during HBV and HCV infection (4). HLA-G is also thought to be linked with fibrosis progression in HCV infection because there is a positive correlation of HLA-G positive cells with the area of fibrosis on tissue sections (5). Recently, Han et al., 2014 have shown correlation of sHLA-G with infection phases and clinical diseases of HBV infection (6). Both HLA-G mRNA and protein expression have been reported in hepatoma cell lines (7). In HCC patients, high HLA-G expression has been observed in patients with early HCC recurrence and over expression is related to overall survival (8).

The HLA-G locus, as compared to the classical HLA class I gene, has shown low variability within its coding region. These variations in the coding regions are represented as HLA-G alleles, and about 50 coding HLA-G alleles are officially recognized by the IMGT/HLA database 2 that encode only 16 different full-length proteins and two truncated null alleles (9). The non-coding 3′ untranslated region (3’-UTR) and 5′ upstream regulatory region (5′-URR) of the HLA-G locus, on the other hand, are very variable. These polymorphisms are represented as single nucleotide polymorphisms (SNPs) or insertion/deletion (INDELs) polymorphisms, which can influence HLA-G expression by modulating mRNA stability, transcriptional, and posttranscriptional regulation (10). These SNPs are genotyped to get allelic information at individual SNP loci. The SNPs are generally biallelic, which means two possible alleles at an individual SNP locus as they are inherited from parents. There will be three possible genotypes (homozygous dominant, homozygous recessive, and heterozygous) at each SNP locus. Individual SNP alleles should not be confused with the HLA-G allele, which reflects a variant containing nucleotide sequence variations across the entire HLA-G locus or coding region as mentioned in the database. HLA-G gene polymorphisms (both SNPs and INDELs) at 3’-UTR or 5’-URR need to be evaluated for their genetic influence on the expression of HLA-G to make them a genetic biomarker for disease predisposition and progression, or response to therapy.

The SNP rs1063320 (+3142, C/G) and the 14 bp Indel polymorphisms (rs371194629, 14 bp-D/I) reported in HLA-G 3’-UTR region are considered important because it can affect mRNA stability, protein production and implicated in pathological conditions (11). HLA-G1 and HLA-G5 isoform expression is dependent on HLA-G 14bp D/I polymorphisms, with decreased concentrations of HLA-G1 and HLA-G5 in 14 bp insertion samples in comparison with 14 bp deletion samples (12). The +3142 G allele creates a binding site for three microRNAs (miRNAs) (miR-148a, miR-148b, and miR-152) reducing soluble protein production (13). These polymorphisms may further play role in pathological conditions like autoimmune and chronic inflammatory diseases. A study on the Chinese population has reported a lower risk of HCC due to heterozygote (D/I) and the homozygote 14-bp insertion (I/I). The HLA-G 14-bp indel polymorphism may serve as a marker for genetic susceptibility to HCC (14). In this study, genetic associations of HLA-G gene exon 8 polymorphisms with HCC and response to locoregional therapy were studied. The genetic variations in the HLA-G gene UTR of Indian populations, including both HCC and healthy control populations, were studied. The polymorphisms or haplotypes that may influence HLA-G expression were evaluated.





Materials and methods




Study design

The study design is a prospective observational case-control study to evaluate the genetic association of HLA-G gene UTR polymorphisms with HCC and response to locoregional therapy.





Setting

This study was carried out in a tertiary care setting at the Department of Gastroenterology, All India Institute of Medical Sciences, New Delhi, India, from July 2015 to August 2019 after obtaining Institute ethics committee (IEC) approval (IEC/NP-228/05.06.2015/RP-37/2015).





Participants and clinical investigations

A total of 100 HCC patients attending the liver clinic for treatment were enrolled as cases, whereas a total of 110 healthy volunteers attending the institute’s main blood bank were enrolled as healthy controls for this study. The inclusion criteria were consecutive HCC patients of age > 18 years and willingness to enroll in the study with informed written consent (self or relatives). The exclusion criteria for HCC patients were renal failure, sepsis, pregnancy, and refusal to participate. The details of the HCC population are given in the demographic table (Table 1). Diagnosis of HCC in patients was carried out as per European Association for the Study of the Liver (EASL) criteria (15, 16). All HCC patients staging was done as per BCLC staging criteria (17, 18). The recruited patients of BCLC stage A or B have undergone locoregional therapy (LRT) which includes radiofrequency ablation (RFA), percutaneous acetic acid ablation (PAI), trans-arterial chemoembolization (TACE) and trans-arterial radioembolization (TARE). All the variables including demographic profile, clinical, radiological (abdominal ultrasound and MPCT/MRI of the liver) and biochemical parameters of all patients were recorded.

Table 1 | Demographic, biochemical, and clinical profile of study population.


[image: Comparison table showing parameters between HCC patients (n=100) and healthy individuals (n=110). Parameters include age, gender, etiology (HBV, HCV, alcohol, etc.), bilirubin, protein levels, liver enzymes, tumor characteristics, blood counts, and therapy responses. HCC patients have higher bilirubin and liver enzyme levels, among other differences. The table highlights variations in medical parameters between the two groups.]




Sample size

The sample size was calculated as an independent case-control study based on the expected odds ratios using STATCALC software of Epi Info program (19). The ratio of cases to controls was assumed to one or equal number. The statistical power and confidence level was assumed to 80% and 95%, respectively. The minor allele frequency (MAF) reported at 1000 genome project in dbSNP database for SNP rs371194629 (Ins, 0.3941), and SNP rs1063320 (C, 0.4019) was used as expected proportion exposed (minor allele as risk) in controls. Assuming 40% (MAF=0.40) of controls exposed, total sample size was calculated to n=288 and n=124 at expected OR=2 and 3, respectively. Total 210 subjects including HCC cases (n=100) and healthy control (n=110) were included in this study.





Collection of blood samples

The blood samples were collected from the enrolled HCC patients and healthy control. Prior to the start of therapy for HCC about 5 ml of the venous blood sample from the peripheral vein in the hand or ante-cubital fossa was collected both in plain and EDTA vials for serum/plasma separation by centrifugation at 1,000 x g and 4°C for 15 minutes. The serum sample were stored at -800 C for serological test.





Loco-regional therapy and monitoring therapeutic response in HCC patients

After baseline evaluation, patients were evaluated for a treatment plan on the basis of BCLC staging, and appropriate LRT, including RFA, PAI, TACE, or TARE, was given to the patients (20). All patients were followed up for one month following the LRT procedure. The post-therapy response was monitored by radiological imaging techniques like MPCT or MRI of the liver. Response evaluation was done according to the mRECIST criteria, which were categorized into complete response (CR), partial response (PR), progressive disease (PD), and stable disease (SD).





Detection of HLA-G by enzyme linked immunosorbent assay and western blot

The HLA-G concentrations (ng/ml) in HCC and healthy control sera were determined by commercial ELISA as per the manufacturer’s (Elabscience, USA; cat no. E-EL-H1663) protocol. The detection of HLA-G in serum samples was carried out by western blot using an anti-HLA-G monoclonal (87-G) antibody. Briefly, 20 µl of serum in 1 ml of RIPA lysis buffer was incubated with an anti-HLA-G (87-G) antibody for 1 hour and immunoprecipitated with protein G beads. Immunoprecipitated HLA-G1 proteins were separated on SDS-PAGE and transferred to a PVDF membrane. Western blot was carried out using primary antibodies (anti-HLA-G, 87-G) at a 1:1000 dilution and HRPO-conjugated rabbit anti-mouse secondary antibodies at a 1:1000 dilution. The membranes were washed and developed using an enhanced chemiluminescent detection system (Biorad), and the image was taken with Fluorchem M (Cell Biosciences Inc).





HLA-G UTR SNPs genotyping

Genomic DNA was isolated from whole blood using the DSP Genomic DNA isolation Kit, Qiagen, in an automated extractor Qiasymphony. The primers were designed for HLA-G UTR amplifications using reference sequences NC_000006 (29826967 to 29831130 nt) and NG_029039. All HLA-G gene 3’-UTR SNPs were genotyped by sanger sequencing of the PCR product and visual chromatogram reading. The 3-UTR region was amplified from genomic DNA using primer pairs T7-8657HLAG-F: taatacgactcactatagggTTGAGGGGAACAGGGGACA and SP6- 9206HLAg-R: atttaggtgacactatagaataGCGCAGCCCCATCTACT, which are flanked by the T7 and SP6 promoter sequences. The PCR amplified product was cycle sequenced using T7 and SP6 primers. The rs371194629 genotypes were further confirmed by gel electrophoresis for the size difference of the PCR-amplified product with 14 bp insertions. The PCR primer pair used for this was 3632F-GTGATGGGCTGTTTAAAGTGTCACC and 3841R-GGAAGGAATGCAGTTCAGCATGA.





Bioinformatic analysis for prediction of microRNA binding site at HLA-G 3’ UTR

The miRNA target site at the whole 3’-UTR was found using the online tool Targetscan Human Release 8.0 (21), which makes predictions about the biological targets of miRNAs by looking for conserved 6–8 mer sites that match the seed region of each miRNA (22). We also determined the effect of polymorphism on the creation of a new miRNA site using the online miRDB software (23). We obtained the 100 nt sequence flanking the SNP from the dbSNP database and used it as the mRNA target sequence (201 nt) for miRNA prediction. We determined the miRNA-binding seed sequence that flanked the SNP site within the region 80-120 nucleotides.





Statistical analysis and genetic association

Normally distributed continuous variables were expressed as mean ± standard deviation (SD), and categorical variables were expressed as percentages. The levels of HLA-G were determined in the sera of HCC patients and healthy controls and compared by using a t-test for statistical significance. The genetic association of 3’-UTR SNPs with HCC was determined using population based genetic approaches. The distribution of genotypes in the disease and healthy control groups was derived from Hardy-Weinberg equilibrium (HWE). The genetic association with HCC risk and treatment response was calculated as per the dominant, additive, and recessive inheritance models. Odds ratio, 95% CI interval, and p value were derived by the Chi Square test using a 2x2 contingency table in GraphPad Prism 10.1.2 and SNPstat online software. Major alleles and genotypes were denoted as (1) and (11); minor alleles and genotypes were denoted as (2) and (22) and heterozygotes as (12). Haplotype inference as well as linkage disequilibrium (LD), LOD, and r2 were analyzed with HAPLOVIEW (version 4.1) (Dr. Mark Daly’s lab, MIT/Harvard Broad Institute).






Results




Demographic, biochemical, and clinical profile of the study population

The demographic details were mentioned in Table 1. A total of 100 HCC patients with a mean age of 56.1 years were enrolled, and most of the patients were male (86%). Majorities of HCC patients are at early HCC 90% (BCLC stage A, 44% and stage B, 46%) than advanced HCC, 10%. The underlying etiologies of HCC were viral, 72% (HBV, 38%, and HCV, 34%), as compared to non-viral etiologies, 28% (NASH, 10%; cryptogenic, 7%; alcohol, 5%; combined HBV and HCV etiology, 5% and HVOTO, 1%). The average tumor size in HCC patients was 4.44 ± 3.08 cm, and 58% of patients had a single lesion. Locoregional therapy was received by 88 HCC patients, and these included various types of LRTs such as RFA (15.9%), PAI (6.8%), TACE (76.1%), and TARE (1.2%). One-month post-treatment response as per mRECIST criteria was CR (50%), PR (23.9%), and PD (26.1%).





Soluble HLA-G levels in the sera of HCC patients and healthy control

Levels of soluble HLA-G protein were determined in the sera of HCC patients and healthy controls using the sandwich ELISA test. Total 80 subjects (HCC, n = 40 and healthy controls, n = 40) were tested for sHLA-G. The serum levels of HLA-G were found to be significantly higher (p = 0.027) in HCC patients (61.8 ± 11.5 ng/ml) as compared to healthy (54.2 ± 17.9 ng/ml) controls. Figure 1A shows the levels of HLA-G in the serum of HCC as compared to healthy subjects. To differentiate HCC from healthy, an ROC curve was plotted, and the area under the curve was AUC=0.691(95% CI, 0.571-0.811) (Figure 1B) with p-value of 0.003. The cut-off value was found to be >55.42 ng/ml at 0.72 (95% CI, 0.561-0.854) sensitivity and 0.625 (0.458-0.772) specificity. This result indicates that HLA-G concentration in serum can differentiate HCC from healthy.
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Figure 1 | Soluble HLA-G expression in serum and receiver operating characteristic (ROC) curve differentiating HCC patients from healthy control. (A) Soluble HLA-G levels in serum of healthy controls and HCC patients, (B) ROC curve differentiating HCC patients from healthy control. (C) HLA-G expression by western blot of HCC and healthy serum samples. (D) Densitometry analysis of westernblot. * significant (P< 0.05).

The levels of sHLA-G protein were checked by western blot in the serum of HCC and healthy individuals. The sHLA-G fraction was immunoprecipitated using an anti-HLA-G 87-G antibody and protein-G, which detected a clear band of size 35 KDa (Figure 1C). Densitometry analysis indicated higher levels of sHLA-G in HCC patients than healthy subjects (Figure 1D).





Genotyping of HLA-G gene exon 8 single nucleotide polymorphisms

The HLA-G gene consists of 7 introns and 8 exons, as mentioned in Figure 2A. The exon 8 region spans the 3’-UTR of HLA-G mRNA. In the HLA-G 3′ UTR locus, +2960 SNP (rs371194629), a 14-base-pair insertion/deletion (14-bp INS/DEL), and +3142 SNP (rs1063320 C/G) were the most studied polymorphisms. All 14 SNPs in the 3’-UTR or exon-8 region were genotyped by sequencing and chromatograph reading. The SNP ID corresponding region were mentioned in Table 2. Additionally, 14-bp INDEL polymorphism was genotyped by size differences of the amplified PCR product when run through 3% agarose gel electrophoresis (Figure 2B). The amplified product of 210-bp is for homozygous (DD, -14bp) deletion, and the product size is 224bp for homozygous insertion (Ins/Ins, II +14bp). Two different PCR products of sizes: (210 and 224 bp) represented heterozygous genotypes (Del/Ins, -14/+14 bp). For SNP genotyping by the sequencing method, the 3’-UTR flanking the 8790 nt - 9144 nt region (549 bp) was PCR amplified (Figure 2C). These PCR products were sequenced using T7 forward and SP6 reverse primers as amplicons flanked with T7 and SP6 promoter sequences. The chromatogram showing +2960 SNP (rs371194629) in 5 patients is depicted in Figure 2D. Samples 1, 2, and 5 show deletion, whereas samples 3 and 4 show Del/Ins and Ins, respectively. The chromatogram of +3142 SNP (rs1063320, C>G) for homozygous GG, heterozygous GC and homozygous CC genotype are depicted in the Figures 2E–G, respectively. The genomic sequences were submitted to GenBank with accession number spanning from PP278638 to PP278737 for HCC patients and the accession number spanning from PP278738 to PP278847 for healthy controls.
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Figure 2 | Genomic organization of HLA-G and exon 8 SNP genotyping. (A) Genomic organization of HLA-G gene depicting eight exon (B) SNP genotyping of INDEL polymorphism by PCR-RFLP (C) PCR amplification of Exon 8 for sequencing (D) SNP genotyping by visual chromatogram reading INDEL polymorphism showing DEL, INS and DEL/INS genotype and the chromatogram represent homozygous GG (E), heterozygous GC (F) and homozygous CC (G) for +3142 SNP rs1063320 C>G.

Table 2 | HLA-G SNP genotype and allele frequency distribution and Hardy-Weinberg equilibrium testing.
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HLA-G 3’-UTR/exon-8 SNP genotype and minor allele frequency distribution

In our current study, we have studied the allele properties of 14 HLA UTR SNPs in the Indian population among HCC patients as cases and healthy subjects as controls. These SNPs were SNP1: +2960, rs371194629 DEL/INS, SNP2: +3001, rs567747015 (C>T), SNP3: +3003, rs1707 (C>T), SNP4: +3010, rs1710 (G>C), SNP5: +3027, rs17179101 (C>A), SNP6: +3032, rs146339774(G>C), SNP7: +3035, rs17179108(C>T), SNP8: +3052, rs569057854 (C>T), SNP9: +3092, rs180827037 (G>T), SNP10: +3120, rs760052251 (G>A), SNP11: +3125, rs138249160 (T>C), SNP12: +3142, rs1063320 (C>G), SNP13: +3187, rs9380142 (A>G) and SNP14: +3196, rs1610696 (C>G). For this, we have evaluated both genotype and allele frequencies in HCC and healthy Indian control population and evaluated whether they are in Hardy-Weinberg equilibrium or not (Table 2). The distributions of SNP1 rs371194629 Del/INS genotypes DD, DI, and II were 31%, 50%, and 19% for HCC cases (n =100), and 22.7%, 56.4%, and 20.9% for healthy controls (n=110), respectively. The test of deviation from Hardy-Weinberg equilibrium was not found to be significant for four SNPs: +2960 SNP1 (rs371194629, Del >Ins), +3001 SNP2 (rs567747015, C>T), +3032 SNP6 (rs146339774, G>C), and +3125 SNP11 (rs138249160, T>C) in the healthy control population. Three SNPs, including +3032 SNP8 (rs569057854, C>T), +3092 SNP9 (rs180827037, G>T), and +3120 SNP10 (rs760052251, G>A), were found to be monomorphic in the control population, whereas only SNPs 9 and 10 were monomorphic in the HCC population.





Tests for association of HLA SNP genotype and allele with HCC

The genetic variations at each SNP include major (1) and minor (2) alleles that result in three genotypes: major allele homozygote (11), heterozygote (12), and a minor allele homozygote (22) genotype. The impact of each SNP variant (both genotypes and alleles) or its genetic association with disease (HCC) risk in the Indian population was studied in this case-control study. The strength of association for each genotype and allele was derived from population frequency data using a two-by-two contingency table for the estimation of an odds ratio (OR) and 95% confidence intervals (CI). The OR was estimated by transforming three genotypes into two variables using different inheritance models that include the co-dominant model: heterogeneous (11 vs. 12) and homogeneous (11 vs. 22); additive models: dominant (11 vs. 12 + 22), recessive (22 vs. 12 + 11), and allelic (1 vs. 2) models (Table 3). The statistical significance of OR was obtained at a 95% confidence interval, and the p-value was analyzed by Fisher’s exact test, assuming minor allele (2) and genotype (22) as risk and dominant allele (1) and genotype (11) as references (Table 3). Statistically significant (P<0.05) association of SNP is considered risk of disease or HCC when OR>1 and 95% CI lower limit is ≥ 1, whereas SNP is considered protective when OR<1 and 95% CI upper limit <1.

Table 3 | Genetic association of HLA-G 3’-UTR polymorphisms with HCC patients as compare to healthy control.


[image: A table displays data on various SNPs (single nucleotide polymorphisms) with columns for genotype, allele, odds ratios (OR) with confidence intervals, risk allele, and P values. Each SNP entry shows different genotypic comparisons and results. Bold values indicate statistically significant associations or odds ratios (P<0.05).]
There was no significant association of +2960 SNP1 (rs371194629) Ins-allele and Ins/Ins (I/I)-genotype with HCC risk. Significant associations with HCC risk were observed for +3003 SNP3 (rs1707), +3010 SNP4 (rs1710), and +3142 SNP12 (rs1063320). Assuming dominant TT as the reference genotype, OR was calculated for CT, CC, and CT+CC genotypes. The ORs for +3003 SNP3 genotypes were found to be > 1 (1.66 = ORCT, 2.37 = ORCC and 1.97 = ORCT+CC), as mentioned in Table 3. The lower and upper limits of the 95% confidence interval for the OR were calculated. The lower limit of the 95% CI is 1.25 (ORC), 0.84 (ORCT), 1.15 (ORCC), and 1.13 (ORCT+CC). The p values for all except ORCT are significant < 0.05. Assuming minor allele C as an HCC risk and dominant T allele as a protective allele or reference for +3003 SNP3, the OR of the C allele was calculated (ORC = 1.93) and found significant (Table 3).

Assuming the major C allele as a reference for +3010 SNP4 (rs1710), the OR was calculated for allele G (ORG = 2.14), which was found to be significant for HCC risk. Also, assuming dominant CC as the reference genotype, OR was calculated for GG and GC+GG genotypes and found significant. ORGG and ORGC+GG were 2.47 and 2.13 with p value of 0.004 and 0.008 respectively.

For +3142 SNP12 (rs1063320), the minor allele is C and the major allele is G. Assuming allele G as a reference, the OR of risk allele C was calculated (ORC = 2.0) and found to be significant. Assuming dominant GG allele as a reference for SNP12, ORCC and ORGC+GG was 2.35 and 2.14 with significant p value <0.05.





Association of HLA-G UTR polymorphisms with therapeutic response to loco-regional therapy

Out of 100 recruited HCC patients, 88 have undergone locoregional therapies, and their one-month post-therapy response was evaluated by radiological imaging techniques as per mRECIST criteria. The association of HLA-G polymorphisms with therapeutic responses was evaluated using the chi-square test. Response to therapy in HCC patients were categorized as CR, PR, and PD. Two groups [Group 1: CR vs. no-CR (PR + PD) and Group 2: CR+PR (responder) vs. non-responder (PD)] were compared using the chi-square test for genetic association (Table 4). The genetic associations of SNPs with response to locoregional therapy in HCC patients were observed for 3 out of 14 SNPs, which include +3003 SNP3 (rs1707), +3010 SNP4 (rs1710), and +3142 SNP12 (rs1063320). Assuming the GG-genotype as a reference, the GC genotype showed a significant (p = 0.04) association for no-CR (PR+PD) with an OR value of 4.26 (1.19-15.26) for +3142 SNP12 (rs1063320). Two SNPs were linked to treatment response in the second group, which was either a responder (response, CR+PR) or a non-responder (PD). The ORCT and ORCT+CC for +3003 SNP3 (rs1707) were 3.86 (95% CI 1.19–12.44) and 3.43 (1.24–9.48), assuming TT as the reference and CC as the risk genotype with significant P value of 0.03 and 0.017. For +3010 SNP4 (rs1710), considering CC as a reference, ORGC was 5.14 (1.33–19.76) with a significant p-value (p = 0.01).

Table 4 | Association of HLA-G 3’-UTR polymorphisms with treatment response to locoregional therapy in HCC patients.
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Prediction of miRNAs binding to mRNA having changes due to polymorphisms at SNPs rs1707, rs1710, and rs1063320 loci

Target Scan predicted 181 miRNAs binding to the human HLA-G UTR (HLA-G, ensemble ID: ENST00000376828.2 and 3’ UTR length: 386 nt). Target prediction was carried out by miRDB software with an HLA-G mRNA target sequence containing rs1707, rs1710, and rs1063320 SNP alleles. Three miRNAs (miR-654-5p, miR-541-3p, and miR-4492) are predicted to bind mRNA UTR sequences flanking SNP rs1707 containing either the C or T allele. Five miRNAs (miR-654-5p, miR-541-3p, miR-3158-5p, miR-4492, and miR-4498) seed sequences were predicted to bind sequences flanking the rs1710 SNP site. The binding site of miR-3158-5p was predicted alone for the rs1710 C-allele, whereas the rest of the miRNA can bind when SNP flanking either the G or C allele. The miR-4800-5p, miR-7705, miR-3619-3p, and miR-6854-5p can bind to SNP rs1063320 G or C allele, and miR-767-5p is restricted for the rs1063320-C allele.





Linkage disequilibrium profile of exon 8 or 3’-UTR region SNPs of HLA-G

The non-random association of alleles at 14 different SNP loci was anlayzed for linkage disequilibrium (LD) using Haploview software. A pairwise LD value or coefficient of linkage disequilibrium (D’) was used to generate color blocks in the LD plot (Figure 3). Strong LD is depicted as bright red (D’=1, LOD ≥ 2), shades of pink or red (D’<1, LOD ≥ 2), whereas inconclusive LD and no LD are depicted as blue (D’=1, LOD <2) and white (D’<1, LOD <2). A high LOD (logarithm of odds) score indicates strong linkage, whereas a high r2-value (r2 > 0.6) indicates strong correlation between two SNPs. Percentage D’ value is depicted in the colour block of LD plots of healthy (3A, D), HCC (3B, E), and combined population (3C, F) with its LOD score and r2 value (3D) for both 14 SNPs (Figures 3A–C) and 8 SNPs (Figures 3D–F) panel.

[image: Six diamond-shaped linkage disequilibrium heatmaps labeled A to F. Variants are marked above each map. A, D for control (healthy), B, E for HCC, C, F for combined HCC and healthy. Colors range from white to red, indicating low to high linkage.]
Figure 3 | Linkage disequilibrium (LD) plot for HLA-G gene exon 8 or 3’-UTR region SNPs: LD profile using 14 SNPs (A–C) and 8 SNPs (D–F) were plotted for Healthy control (A) and (D), HCC patients (B) and (E) and total Indian population (C) and (F). LD plot indicates non-random association of alleles at different SNP loci. Strong linkage or association is depicted as bright red (D'=1 or 100%, LOD ≥ 2), shades of pink or red (D'<1, LOD ≥ 2), whereas inconclusive LD and no LD are depicted as blue (D'=1, LOD <2) and white (D'<1, LOD <2). Number in block indicates D' value in percentage.

In the case of the healthy group (Table 5A), LD was observed for +2960 SNP1 (rs371194629) with SNP4(rs1710), SNP5 (rs17179101), SNP7 (rs17179108) and SNP12 at LOD, 3.81,4.67,9.68 and 3.28 respectively. +3001 SNP2 (rs567747015) with SNP11 (rs138249160) at LOD, 6.2; +3003 SNP3 (rs1707) with SNP4, SNP7 (rs17179108) and SNP12 (rs1063320) at LOD, 7.61, 3.87 and 17.18; +3010 SNP4 (rs1710) with SNP5, SNP7, SNP12, SNP13, SNP14 at LOD score of 6.78, 8.31, 34.39, 9.1, 2.31; +3027 SNP5, (rs17179101) with SNP-7, SNP-12, SNP-13 (LOD, 18.46, 3.61, 2.44); +3035 SNP-7 (rs17179108) with SNP12, SNP13 at LOD score of 10 and 2.03.The SNPs - 8,-9,-10 were monomorphic. The +3142 SNP12 showed LD with SNP13 (LOD, 9.46).

In the HCC group (Table 5B), LD was observed for +2960 SNP1 (rs371194629) with SNP4(rs1710), SNP5 (rs371194629), SNP7 (rs17179108), SNP12(rs1063320) and SNP14 (rs1610696) at LOD, 4.46, 8.41, 9.58, 4.98 and 2.37. SNP-2, -6, -8, and -11 had shown no linkage with any other SNPs. The +3003 SNP3 (rs1707) had shown linkage with SNP-4, -5, -7, -12, and-13 at LOD scores of 11.26, 6.16, 6.88,17.31 and 4.51; and +3010 SNP4 (rs1710) with SNPs -5, -7, -12, -13, and -14 at LOD scores of 10.97, 12.85, 28.09, 5.21, and 2.53. + 3027 SNP5 (rs17179101) showed linkage with SNPs -7, -12, and -13 with LOD scores of 22.75, 12,99, 2.39; and +3035 SNP7 (rs17179108) with SNP-12 and SNP-13 (LOD, 12.64, 2.6). The +3092 SNP9 (rs180827037) and SNP10(rs760052251) were monomorphic. +3142 SNP-12 (rs1063320) showed LD with SNP-13 and -14 (LOD, 4.45 and 2.98).

Table 5 | Logarithm of odds (LOD) score and correlation (r2) value among 14 SNPs showing non-random association with each other among healthy and HCC population.
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HLA-G UTR haplotype determination

We used haploview to look at the haplotypes of all 14 SNPs (Figures 3A–C). For the Indian population, there were 14, 18, and 16 different haplotypes in healthy, HCC, and among all total recruited participants, respectively, with frequencies above 1%. Castelli et al. (24) proposed UTR typing using 8 SNPs that include SNP1 (+2960), SNP3 (+3003), SNP4 (+3010), SNP5 (+3027), SNP7 (+3035), SNP12 (+3142), SNP13 (+3187), and SNP14 (+3196) in the UTR region (24). Using Haploview, both the LD (Figures 3D–F) and haplotype analysis were carried out for these 8 SNPs (Tables 6A–C). In the healthy, HCC, and mixed populations, these eight SNP haplotype analyses found 12, 13, and 13 distinct haplotypes that present with a frequency > 1 percent among the population (Table 6A). Till now 45 different UTR types were named as per 8 SNPs haplotypes;UTR1-8 (24), UTR 9-16 (25) or as per all 16 SNPs haplotypes that include UTR 17-45 (26). Prevalent UTR types in the healthy population were UTR3 (0.195), UTR15 (0.137), UTR4 (0.126), UTR1 (0.113), and UTR7 (0.109). Whereas in the HCC population (Table 6B), prevalent UTR types were UTR 4 (0.239), UTR1 (0.126), UTR7 (0.12), and UTR3 (0.112). The haplotype using 14 SNPs can produce different UTR haplotypes (UTR1-45). The UTR haplotypes including UTR1-18 named using the initial 8 SNPs, may overlap with other UTR haplotypes those determined using 14 SNPs such as UTR-1/29/36, UTR-3/23/37/39, UTR-4/27, UTR-5/17/33/44, and UTR-6/18/20/35. Therefore, we named five new observed haplotypes with >1% frequencies as UTR-46 (ICGCCCAC), UTR-47 (ICCCCCAC), UTR-48 (DTCCCCAC), UTR-49 (ITGCCCAC) and UTR-50 (ITCCCCAC). We have also observed eight different haplotypes containing insertions of 14 bp.

Table 6 | Prevalent haplotype and UTR types with frequency > 1% in the healthy (A), HCC (B) and mixed total (C) population.
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Comparison of sHLA-G levels as per tumor size, BCLC stage, SNP genotype, and UTR haplotype in HCC patients and healthy population

We have observed an increased level of sHLA-G in HCC patients as compared to the healthy population (Figure 1). When sHLA-G levels were compared in patients with different tumor sizes, an increased trend and positive correlation were observed with tumor size (r = 0.32; Figure 4A). Similarly, a stage-specific increased trend with sHLA-G level was observed with a positive correlation value (r = 0.22) (Figure 4B). This clearly indicates that sHLA-G level may increase as per advanced BCLC stage or bigger size tumor in HCC patients. Out of 14 SNPs, we have observed significant genetic association with HCC for SNPs rs1707 (C>T), rs1710 (G>C), and rs1063320 (C>G) (Table 3). We have observed increased sHLA-G levels in HCC patients as compared to healthy controls, irrespective of different SNP genotypes (Figures 4C–E). However, we observed an increased trend in sHLA levels in HCC patients with the risk CC genotype/C allele for SNP rs1707 (Figure 4C), the risk GG genotype or G-allele for SNP rs1710 (Figure 4D), and the risk CC genotype or C-allele for SNP rs1063320 (Figure 4E). An increased level of sHLA-G was observed in HCC patients for diplotypes or haplotypes containing UTR4>UTR3>UTR1>UTR46, whereas in healthy individuals, increased levels were observed for UTR3>UTR15>UTR30>UTR4>UTR46 (Figure 4F).
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Figure 4 | Correlation of sHLA-G level with tumor size, stage, prevalent SNP genotypes and UTR types. Increasing trend in sHLA-G level was observed with tumor size (A) and BCLC stage (B). Comparison of SNP genotypes (C–E) and UTR types (F) for sHLA-G level was carried out for SNPs rs1707 (C), rs1710 (D), rs 1063320 (E) and UTR types (F) in HCC and healthy population.






Discussion

Human leukocyte antigen-G (HLA-G) is a new nonclassical MHC class I protein that is different from classical HLA class I molecules because it has low polymorphism, less protein variability, and a limited tissue distribution. HLA-G is known to suppress the cytotoxic action of CD8 and NK cells, inhibit antigen presentation, and promote lymphocyte proliferation via communication with ILT-2 and ILT-4 leukocyte receptors (27, 28). HLA-G, along with IL-10 expressing dendritic cells, can induce regulatory T cells (29). HLA-G is commonly expressed in the fetus and protects it from the maternal immune response (30). But in healthy non-fetal subjects, its expression is limited to the cornea, thymic medulla, nail matrix, beta cells of the islets of Langerhans, mesenchymal stem cells, and endothelial precursors (31). Even though HLA-G expression is restricted to a few tissues in normal conditions, it increases robustly in pathological conditions. HLA-G function has also been reported to maintain tolerance in autoimmune and inflammatory diseases and post-transplantation, as well as mediate immune escape in cancer and infectious diseases (32). Therefore, HLA-G is considered a tolerogenic and immune checkpoint molecule, which plays a dual role of immune evasion for tumors and allograft’s acceptance for solid organ transplant (33). Studies have reported the involvement of HLA-G in various cancers, including HCC. Cai and coworkers had shown that HLA-G expression was found to be associated with the prognosis of HCC, reduced overall survival, and increased tumor recurrence (34). In our study, levels of serum HLA-G were found to be elevated in HCC cases as compared to healthy control. This was supported by a study where HCC patient’s HLA-G levels in serum and biopsy specimens were greater than controls, confirming the potential diagnostic role of HLA-G. In addition, 50% of HCC cases out of a larger cohort were HLA-G positive (34). Another study also reported a positive correlation of HLA-G with patients age and disease stage (35). One similar study indicated that higher serum expression of HLA-G in HCC patients as compared to healthy controls (36). We have also observed increased serum levels of HLA-G in HCC patients, which can significantly differentiate healthy from HCC using the ROC curve (Figures 1A, B). An increased level of HLA-G soluble form (35 kDa) was found in the serum of HCC patients as compared to healthy control (Figures 1C, D). Park et al., 2012 have shown increased sHLA-G expression in active HBV and HCC groups indicating its diagnostic relevance during infection and HCC progression (37). In another study, the areas under the receiver-operating characteristic (ROC) curves recommended sHLA-G as a marker for differential diagnosis of various malignancies against healthy controls (38).

The HLA-G gene is located within the MHC region at chromosome 6p21.3, which consists of 8 exons and 7 introns (39, 40). Due to presence of a stop codon in exon 6, exon 7 is lost from mature mRNA, and exon 8 remains untranslated (41). The HLA-G gene expresses seven isoforms, including four membrane-bound (G1 to G4) and three serum-soluble (G5 to G7) proteins. The soluble isoform HLA-G5 is secreted actively, and the membrane-bound HLA-G1 is also released into the secretion by proteolytic cleavage by matrix metalloproteinase-2 (42). The HLA-G gene per se is less polymorphic at the coding region as compared to other HLA genes. The genetic diversity of HLA-G coding region is indicated as HLA-G alleles those are reported through IPD-IMGT/HLA database (43). As of December 2023, at the website https://hla.alleles.org/nomenclature/stats.html, 158 HLA-G alleles were reported that encode 48 different proteins, and among them are six null alleles (43). Other studies reported 190 different alleles, of which only 14 HLA-G alleles were reported to show global frequencies >1%; those include G*01:01:01:01, G*01:01:01:04, G*01:01:01:05, G*01:01:01:06, G*01:01:01:08, G*01:01:02:01, G*01:01:03:03, G*01:01:22:01, G*01:03:01:02, G*01:04:01:01, G*01:04:01:02, G*01:04:04, G*01:05N, and G*01:06:01:01 (44). The polymorphisms at both 5’ upstream regulatory promoter region (1.4 kb from the ATG initiation codon, 5′ URR) and the 3’ untranslated region (UTR) modulate HLA-G expression (9). The genetic polymorphisms at 3’ UTR SNPs mostly affect microRNA binding, alternate splicing and mRNA stability thereby influence HLA-G expression. In our study, we first looked at how the genotype, allele frequency (Table 2), and haplotype structure (Figures 3, 4) of all 14 UTR SNPs might be different between groups of healthy controls and HCC patients of Indian ethnicity. Then, the genetic associations of HLA-G UTR polymorphisms were analyzed from the perspective of HCC risk and its treatment response to locoregional therapy (Table 4). The most common UTR haplotypes prevalent among groups were determined. HWE testing was carried out for all 14 causal SNPs, and the test of deviation for 4 out of 14 SNPs (+2960 SNP1, +3001 SNP2, +3032 SNP6, +3125 SNP11) was found to be non-significant (Table 2), which may be considered good genetic traits as they are not under the influence of any evolutionary pressure (45). Three SNPs (+3052 SNP8, +3092 SNP9 and +3120 SNP10) were monomorphic and not analyzed for genetic association. Assuming that the individual UTR SNP allele and genotype are disease traits, a genetic association with a significant OR>1 is thought to be a risk for HCC or a non-response, while an OR<1 is thought to be a protective (Table 3). The genetic association with OR>1 was observed for three SNPs which include + 3003 SNP3 (rs1707, C-allele, OR:1.93, 95% CI-1.25-2.95), +3010 SNP4 (rs1710, G-allele, OR: 2.14, 95% CI-1.44-3.14), and +3142 SNP12 (rs1063320, C-allele, OR: 2.00, 95% CI-1.35-2.94). These three SNPs are important for miRNA binding in the UTR region. For these three SNPs, minor allele was found to be risk allele (OR>1) and the major allele can be considered as protective. The miRNA usually represses translation; therefore, dysregulation miRNA targeting these SNP alleles may modulate HLA-G expression, increasing the risk for HCC. In cancer, miRNA dysregulation also occurs and we had also reported dysregulation of miRNA in HCC (46). The miRNAs (miR-654-5p, miR-541-3p, miR-3158-5p, miR-4492, and miR-4498; miR-4800-5p, miR-7705, miR-3619-3p, miR-6854-5p, and miR-767-5p) predicted to bind HLA-G UTR containing rs1707, rs1710, and rs1063320 SNP alleles were found to be dysregulated in HCC as per published literature (47–49). We did not observe significant association of most studied +2960 14-bp Indel polymorphisms with HCC. The presence of 14bp insertion (5´-ATTTGTTCATGCCT-3´) in 3´UTR is known to influence the mRNA stability and generate an additional splice whereby 92 bases are removed from the start of exon 8 (50). These 92 bases deleted alternative transcript, is more stable, is associated with increased HLA-G soluble levels. The genetic association with this 14 bp Indel was observed in many different types of cancer. There are also report suggesting reduced generation of most HLA-G membrane and soluble isoforms in persons carrying 14 bp insertion allele (50). Whereas studies have also shown deletion allele to be more frequent in HCC and might contribute to higher HCC receptiveness (51). We have also higher frequency of 14 bp deletion allele in HCC patients as compare to healthy control (Table 2). Similarly in case of breast cancer, digestive tract tumors and HCC 14-bp, Del allele was associated with disease susceptibility as reported by Dias et al. (52). Coelho et al., 2016 also demonstrated no significant association of 14-bp ins/del SNP with HCC In a meta-analysis and suggested possible role of other UTR SNPs (53).

We have derived haplotypes from all 14 SNPs and from 8 SNPs and UTR types in healthy control, HCC cases and combined populations were named as per earlier published literature (24–26). The LD pattern was plotted for all 14 or defined 8 SNPs to assess whether alleles at all these SNP loci tend to be inherited collectively or if there is a chance of any ancestral recombination events, and what is the population divergence among healthy controls, HCC patients, and combined populations (45). We have observed three monomorphic SNPs in the UTR region. Like our result, a monomorphic LD pattern was observed for +3032 SNP8 in Asian and American populations and for +3092 SNP9 in Europe, Asia, and the American population of 1000 genome data (26). The most frequent global UTR haplotypes are UTR-1 and UTR-2. Initial haplotypes (UTR1-16) were reported in Brazilian population based on 8 SNP loci in UTR region (24, 25). Based on all 16 SNP sites, a total of 45 (UTR1-45) haplotypes were inferred using 1000 Genomes data of 21 worldwide populations (26). When compared with these 45 haplotypes, we found 5 new haplotypes with frequencies more than 1% named as UTR-46 to -50. We observed a varied pattern of the top five most frequent haplotypes that are different in the healthy (UTR-3> UTR-15> UTR-4> UTR-1> UTR-7), HCC (UTR-4> UTR-1> UTR-7> UTR-3> UTR-46), and combined (UTR-4> UTR-3> UTR-1> UTR-7> UTR-15) populations in India (Figure 4). Recently, Drabbels et al. (54) showed high linkage disequilibrium between UTR haplotypes and the coding sequence, or HLA-G alleles (54). The UTR-3 haplotype, which is highly prevalent in Indian healthy controls, was found to be strongly associated with the HLA-G*01:04 allele and low levels of soluble HLA-G in a separate study (54, 55). The UTR-4 and UTR-1 haplotypes which is highly prevalent in Indian HCC patients found to be strongly associated with G*01:01:01 allele and considered as high producers of soluble HLA‐G in another study (54, 56). The UTR-7 haplotype was also found to be linked with the G*01:01:03 allele and is considered a low producer of sHLA-G (54, 56). In another study, the UTR-4 haplotype among 7 haplotypes was found to be a risk factor for prostate cancer when compared to the control (57).

Several studies related to HLA-G UTR polymorphism in India were carried out for different ethnic regions, including north India, south India, and north-east India. Most of these studies were limited to the +2960 Indel and +3142 G/C polymorphisms. One study related to head and neck squamous cell carcinoma (HNSCC) from Northeast India was conducted by exon 8 sequencing data observed UTR-5 and UTR-7 as most frequent haplotypes (58). We have also observed UTR-5 and -7 haplotype in our study. In another study from south Indian population related to diabetes had shown increased +2960 14bp Del allele and 3142 G allele (59). Higher frequency of +2960 Del allele and +3142 C allele was observed in bipolar disorder cases than controls from South India (60). Other study from South India had shown significant increased frequency of +2960 14bp Ins allele and +3142 G allele in breast cancer patients than healthy controls (61). Other study from north India had shown significant association and increased frequencies of +2960 14bp Ins allele and +3142 C allele in HNSCC patients (62). In our study from north Indian population significant association was not found for 2960 Indel polymorphism but +3142 C-allele found association with HCC.

In conclusion, our study found a genetic association between HLA-G UTR polymorphisms and HCC and treatment responses. We had also observed higher sHLA-G levels in HCC patients than healthy controls. We have observed an increased frequency of the UTR3 haplotype in healthy controls and an increased frequency of the UTR-4 and UTR-1 haplotypes in HCC patients. We have not observed effects of 5’ URR polymorphism and coding sequence or HLA-G allele in HCC, which is a limitation of our study. This study is the first to show the genetic association of HLA-G with HCC in the Indian population.
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Background

Recent advancements in combination therapy for unresectable hepatocellular carcinoma (uHCC) have shown promise, but reliable serological prognostic indicators are currently lacking for patients undergoing triple combination therapy of stereotactic body radiation therapy (SBRT), immunotherapy, and targeted therapy. We aimed to investigate the prognostic significance of early alpha fetoprotein (AFP) and des-gamma-carboxy prothrombin (DCP) responses in these patients.





Methods

This retrospective research included 115 uHCC patients treated with SBRT in combination with immunotherapy and targeted therapy (triple therapy) at our institution from April 2021 to December 2022. Participants were categorized into high AFP and high DCP cohorts based on baseline levels. AFP and DCP responses were defined as decreases from baseline of over 50% and 70%, respectively, according to ROC curve analysis. Differences in overall survival (OS), progression-free survival (PFS), and objective response rate (ORR) were assessed between the tumor biomarker response and non-response groups.





Results

Multivariate analysis indicated that AFP or DCP response at 6-8 weeks post-therapy significantly influenced ORR (high AFP cohort: odds ratio [OR] 5.50, 95% CI 2.04-14.83, p=0.001; high DCP cohort: OR 7.99, 95%CI 2.82-22.60, p<0.001). The median PFS was notably longer in tumor biomarker response groups (high AFP cohort: 13.7 vs 6.2 months, hazard ratio [HR] 0.36, 95% CI 0.20-0.62, p<0.001; high DCP cohort: 15.6 vs 9.3 months, HR 0.44, 95% CI 0.26-0.74, p=0.002). AFP or DCP response was associated with prolonged OS (high AFP cohort: not reached vs. 21.9 months, HR 0.47, 95% CI 0.22-0.99, p=0.047; high DCP cohort: not reached vs. 20.6 months, HR 0.35, 95% CI 0.14-0.86, p=0.022).





Conclusion

AFP or DCP response at 6-8 weeks post-therapy predicts better oncological outcomes in patients with uHCC treated with triple therapy.





Keywords: hepatocellular carcinoma, triple combination therapy, stereotactic body radiation therapy (SBRT), alpha fetoprotein (AFP), des-gamma-carboxy prothrombin (DCP)




1 Introduction

Hepatocellular carcinoma (HCC) remains a major global health concern, representing the sixth most prevalent tumor and the third leading cause of cancer-related deaths globally (1, 2). Around 80% of HCC cases are diagnosed at advanced stages, with a discouraging 5-year survival rate of approximately 18% (3, 4).

Although various combination therapies based on immune checkpoint inhibitors (ICIs) and targeted agents, including atezolizumab plus bevacizumab (5), sintilimab combined with a bevacizumab biosimilar (IBI305) (6), camrelizumab plus rivoceranib (7), have become the preferred option for the systemic therapy of unresectable HCC (uHCC), the objective response rate (ORR) remains unsatisfactory (8, 9). Investigations are underway into novel therapeutic approaches for HCC and a spectrum of other malignancies, aiming to enhance treatment efficacy and patient outcomes (10–12). The increasing utilization of radiological technology has led to the growing recognition of stereotactic body radiation therapy (SBRT) as a significant treatment approach for HCC (13, 14). Furthermore, the synergistic anti-tumor effects stemming from multiple mechanisms in this triple therapy contribute to an enhanced anti-tumor activity, leading to improved prognosis (15–17). Indeed, despite the striking efficacy of triple therapy, no biomarkers have been currently validated helpful to identify patients who can respond to this treatment.

At present, there is no ideal surrogate endpoint for overall survival (OS) in HCC (1). ORR and progression-free survival (PFS) have been used as surrogate endpoints in clinical trials, but their correlation with OS is limited (18, 19). It highlights the need for more accurate substitutes that could reflect OS better and earlier and serve as reliable indicators of treatment effectiveness. Alpha-fetoprotein (AFP) and des-gamma-carboxy prothrombin (DCP) are commonly tested serum biomarkers for surveillance of high-risk individuals in HCC (20, 21). Moreover, their dynamic changes have been extensively studied as prognostic biomarker for response to systemic or some locoregional treatment such as transarterial chemoembolization (TACE) in HCC (22–25). However, there is a lack of studies using tumor biomarker response to predict radiotherapy efficacy. In addition, the cut-off values of biomarker response are often determined arbitrarily, which can introduce potential bias and affect the accuracy and reliability of the findings.

Therefore, we sought to explore the clinical value of AFP and DCP response as prognostic indicators in patients with uHCC undergoing triple therapy. The primary endpoint of this study was ORR by imaging assessment per modified RECIST (mRECIST) (26, 27), and the secondary endpoint was PFS and OS.




2 Materials and methods



2.1 Study design and patients

Overall, a cohort of 115 uHCC patients underwent triple therapy from April 2021 to December 2022 at our institution were included in this retrospective study. All patients were deemed unresectable through multidisciplinary evaluation. The following inclusion criteria were used: (1) no previously received SBRT, immunotherapy or targeted therapy, (2) Barcelona Clinic Liver Cancer (BCLC) stage B or C, (3) Eastern Cooperative Oncology Group (ECOG) performance status score of 0 or 1, (4) Child-Pugh classification A and B7, and at least 1 measurable intrahepatic lesion. The exclusion criteria were without imaging evaluation or incomplete data on tumor markers, combination of PD-1 inhibitors less than 2 cycles and no elevation of both AFP and DCP at baseline. In accordance with ethical standards, this study strictly adhered to the principles stated in the Declaration of Helsinki. Ethical approval was obtained from the Ethics Committee of the PLA General Hospital’s Fifth Medical Centre. Informed consent was unnecessary for participation due to the retrospective nature.




2.2 Treatment protocol

After the implantation of 3-5 localization markers, patients underwent SBRT using a CyberKnife VSI image-guided robotic stereotactic radiosurgery system. Following CT simulation to identify the treatment site, an oncologist contoured the gross tumor volume (GTV) and delineated the organs at risk (OARS). The GTV included the tumor and portal vein tumor thrombus (PVTT) if it met the dose-volume limits of the critical organs. Otherwise, just the PVTT is described as the GTV (28). The planning target volume (PTV) extends the GTV by 3-5 mm and avoided the OARs. The prescribed doses were 45 to 55 Gy/5 to 10 fractions. Acceptable doses of OARs were derived from the American Association of Physicists in Medicine (AAPM) TG-101 report (29).

All patients were initiated ICIs in combination with targeted drugs within one week after the completion of the last radiotherapy session. The specific regimens included Sintilimab + Bevacizumab, Sintilimab + Lenvatinib, Tislelizumab + Lenvatinib, or Toripalimab + Lenvatinib. The prescribed dosages were as follows: Sintilimab at 200mg every three weeks, Tislelizumab at 200mg every three weeks, Toripalimab at 240mg every three weeks, and the recommended initial dose of lenvatinib for is 12 mg/day for individuals weighing more than 60 kg, and 8 mg/day for those weighing 60 kg or less. Bevacizumab was administered at 15 mg/kg of body weight every three weeks.




2.3 Data collection and follow-up

We systematically gathered and analyzed baseline clinical parameters and follow-up data for applicable individuals, encompassing age, gender, etiology, ALBI classification (30), BCLC stage, blood count, transaminase, AFP, DCP, the occurrence of macrovascular invasion and extrahepatic metastases. Baseline AFP and DCP levels were assessed within one week prior to the start of triple therapy. High AFP was defined >10 ng/ml and high DCP was defined >40 mAU/ml according to our institution’s reference range. To monitor AFP and DCP responses, data were obtained 6-8 weeks after the triple therapy. Radiological response was evaluated using Magnetic Resonance Imaging (MRI) per modified Response Evaluation Criteria in Solid Tumors (mRECIST) (26, 27), with tumor assessments conducted every 6-8 weeks by three expert radiologists. ORR was determined on the basis of optimal treatment response, with complete remission (CR) or partial response (PR) lasting≧1 month. Patients received triple therapy until the onset of intolerable adverse events or disease progression. PFS was defined as the duration between the initiation of treatment and the occurrence of disease progression, death, or the final follow-up. OS was the time between the commencement of therapy and death or the last follow-up.




2.4 Statistical analysis

Continuous data were analyzed using independent T-tests and reported as the median and interquartile spacing. Numbers and percentages were used to characterize the categorical data, and chi-square or Fisher exact tests were applied to compare the results. ROC curves were then plotted between the radiographic response and the magnitude of tumor marker decline at 6-8 weeks post-therapy. The biomaker cut-offs were chosen by identifying the points on the ROC curve that maximized the sum of sensitivity and specificity in differentiating patients by best confirmed response. To find acceptable objective response (CR+PR) predictors, binary logistic regression analysis was employed. The Kaplan-Meier approach produced survival curves, and the log-rank test was used to assess group differences. Cox regression models were used to identify PFS and OS predictors. In the multivariate analysis, factors with p < 0.1 in the univariate analysis were included, and p < 0.05 was deemed statistically significant. Software called SPSS and Graphpad Prism were used for all statistical analyses.





3 Results



3.1 Patient description

A total of 20 of the 115 patients were excluded due to no imaging evaluation (n=8) or missing tumor marker data (n=5), or no elevated baseline AFP and DCP levels (n=7) (Figure 1). The baseline characteristics of the remaining individuals were shown in Table 1. Patients were predominantly over 50 years of age (70, 73.7%) and male (88, 92.6%). Furthermore, a significant proportion of patients had a history of chronic hepatitis B infection (89, 93.7%). Vascular invasion was found in 75 (78.9%) patients and extrahepatic metastases were present in 18 (19.0%) patients. According to the BCLC staging, 9 patients (9.5%) were classified as stage B, and 86 patients (90.5%) were classified as stage C. In terms of Child-Pugh classification, 73 patients (76.8%) were classified as class A, while 22 patients (23.2%) fell into class B. Regarding the ALBI classification, 18 patients (19.0%) were assigned to class 1, and 77 patients (81.0%) to class 2. The median baseline AFP was 604.5 ng/ml, while the median baseline DCP was 1396.0 mAU/ml.

[image: Flowchart showing the selection process for patients with unresectable hepatocellular carcinoma (uHCC) undergoing triple therapy. Initially, 115 patients were considered. Twenty were excluded due to various reasons, such as lack of follow-up imaging, missing tumor marker data, or normal baseline AFP and DCP. Finally, 95 patients were included. These were categorized into those with elevated AFP and normal DCP (n=3), elevated DCP and normal AFP (n=6), and both elevated AFP and DCP (n=85). The latter group led to a high-AFP cohort (n=88) and a high-DCP cohort (n=91).]
Figure 1 | Flow diagram of the research design.

Table 1 | Clinical characteristics of HCC patients receiving triple therapy (SBRT+ICIs+targeted agents).


[image: A table comparing characteristics of patients with hepatocellular carcinoma (HCC) across three groups: Total, High-AFP, and High-DCP. Parameters include age, chronic liver disease (HBV), gender, vascular invasion, extrahepatic spread, BCLC stage, Child-Pugh score, ALBI grade, platelet count, ALT, AST, neutrophil count, baseline AFP and DCP levels, AFP and DCP reduction, objective response rate (ORR), and therapy types like SBRT combined with various drugs. Values are presented with percentages, medians, and interquartile ranges.]



3.2 Predictor of objective response in the high-AFP cohort

A total of 88 individuals exhibited elevated baseline AFP levels, 64 (72.7%) of them were older than 50, and 83 (94.3%) were infected with HBV. Of this subgroup, 70(79.5%) had vascular invasion, and 17 (19.3%) had extrahepatic metastases, and the median baseline AFP value was 948.5 ng/ml (Table 1).

After undergoing triple therapy for 6–8 weeks, analysis based on the ROC curve revealed that a 51.5% decrease in AFP was the optimal threshold, corresponding to the maximum Youden index value of 0.414 (Supplementary Table S1). Consequently, a decrease in AFP of 50% was established as the cut-off value for defining AFP response (Supplementary Table S1). In this group, a total of 55 patients (62.5%) exhibited AFP response (Table 1). As depicted in the waterfall diagram in Figure 2A, most of the patients who demonstrated AFP response also achieved objective response. As shown in Table 2, the multivariate analysis confirmed that AFP response independently influenced objective response (OR 5.50, 95% CI 2.04-14.83; p=0.001).

[image: Two bar graphs labeled A and B show percentage changes from baseline. Graph A illustrates the change in AFP, while Graph B shows the change in DCP. Bars are color-coded: blue for CR, green for PR, red for SD, and brown for PD. The x-axes show patients, and the y-axes depict percentage changes. Negative changes are prominent in both graphs, with some positive variations, especially towards the right side.]
Figure 2 | Waterfall plot of change in (A) AFP or (B) DCP at 6-8 weeks from baseline and best response per mRECIST. AFP, alpha-fetoprotein; DCP, des-gamma-carboxy prothrombin; mRECIST, modified response evaluation criteria in solid tumors; CR, complete response; PD, progressive disease; PR, partial response; SD, stable disease.

Table 2 | Univariate and multivariate analyses for factors associated with objective response in the high AFP cohort (n=88).


[image: Table comparing univariate and multivariate analyses for various variables related to medical data. Variables include age, gender, extrahepatic spread, BCLC, Child-Pugh, tumor size, baseline AFP, ALBI grade, AFP response, and vascular invasion. Odds ratios (OR) with 95% confidence intervals and p-values are provided. Statistically significant values, highlighted in bold, are seen in AFP response for univariate (p=0.001) and multivariate (p=0.001) analyses.]
The high AFP cohort had an overall response rate (ORR) of 62.5%, including 11 cases (12.5%) achieving CR and 44 cases (50.0%) achieving PR, respectively. In the AFP response subgroup, 9 cases (16.4%) achieved CR, 33 cases (60.0%) achieved PR, resulting in a favorable ORR of 76.4%. In contrast, the ORR of the AFP non-response subgroup was significantly lower at 39.4%, with a statistically significant difference (p=0.001) (Supplementary Table S2).




3.3 Predictor of objective response in the high-DCP cohort

A total of 91 individuals presented with elevated baseline DCP levels, of whom 66 (72.5%) were over 50 years of age, and the majority were infected with HBV (85, 93.4%). Among this cohort, vascular invasion was observed in 71 patients (78.0%), 17 patients (18.6%) experienced extrahepatic metastases, and the median baseline DCP value was 2386.0 mAU/ml (Table 1).

According to ROC curve analysis, a 70% reduction in DCP levels after 6–8 weeks of triple therapy was identified as the optimal cut-off threshold (Supplementary Table S1). In this cohort, a total of 42 patients (46.1%) achieved DCP response (Table 1). Most patients with a DCP response also obtained objective response, as shown in Figure 2B. The multivariate analysis further demonstrated that DCP response independently influenced objective response (OR 7.99; 95% CI 2.82-22.60; p < 0.001), as shown in Table 3.

Table 3 | Univariate and multivariate analyses for factors associated with objective response in the high DCP cohort (n=91).


[image: A table compares univariate and multivariate analyses for various variables, showing OR (Odds Ratio) with 95% confidence intervals and p-values. Significant results are highlighted in bold. Variables include age, gender, extrahepatic spread, BCLC, Child-Pugh score, tumor size, baseline DCP, ALBI grade, DCP response, and vascular invasion. Notably, DCP response shows significant p-values of less than 0.001 in both analyses. Abbreviations include PFS, BCLC, ALBI, and DCP.]
The high DCP cohort achieved an ORR of 62.6%, with CR observed in 12 cases (13.2%) and PR in 45 cases (49.5%). In the DCP response subgroup, 10 cases (23.8%) achieved CR, and 26 cases (61.9%) achieved PR, resulting in an increased ORR of 85.7%. In contrast, the ORR of 42.9% in the AFP non-response subgroup was lower with a significant difference between the two groups (p=0.001) (Supplementary Table S2).




3.4 Association between AFP response and PFS in the high-AFP cohort

The median PFS in high AFP cohort was 11.7 months (95% CI 9.0-14.4 months). Notably, the AFP response subgroup exhibited a longer median PFS compared to those without response (13.7 months vs. 6.2 months, p=0.013), as illustrated in Figure 3A. In the multivariate analysis, the absence of extrahepatic metastasis emerged as a favorable and meaningful factor influencing PFS (HR 0.40, 95% CI 0.21-0.75; p=0.004), and achieving AFP response was correlated with increased PFS (HR 0.36; 95% CI 0.20-0.62; p<0.001) (Table 4).

[image: Two Kaplan-Meier survival curves showing progression-free survival rates. Chart A compares AFP response (red line) with non-response (blue line), showing median survival of 14.2 months and 6.2 months, respectively, with a p-value of 0.005. Chart B compares DCP response (red line) with non-response (blue line), with median survival of 21.1 months and 9.5 months, respectively, and a p-value of 0.002. x-axis represents time in months, y-axis represents progression-free survival percentage.]
Figure 3 | Kaplan-Meier curves of progression-free survival (PFS) for patients with uHCC undergoing triple therapy. (A) in the high AFP cohort. (B) in the high DCP cohort. AFP, alpha-fetoprotein; DCP, des-gamma-carboxy prothrombin.

Table 4 | Univariate and multivariate analyses for factors affecting PFS and OS in the high AFP cohort (n=88).


[image: Table comparing univariate and multivariate analyses for progression-free survival (PFS) and overall survival (OS). Variables include age, gender, extrahepatic spread, BCLC, Child-Pugh, tumor size, baseline AFP, ALBI grade, AFP response, and vascular invasion. Significant p-values are in bold, including gender and extrahepatic spread for PFS, and baseline AFP and AFP response for OS.]



3.5 Association between DCP response and PFS in the high-DCP cohort

The median PFS in the high DCP cohort was 11.2 months (95% CI 8.8-13.5 months), and the DCP response subgroup exhibited a longer median PFS than the DCP non-response subgroup (15.6 months vs. 9.3 months, p=0.001), as shown in Figure 3B. In the multivariate analysis, the absence of extrahepatic metastasis was a favorable factor influencing PFS (HR 0.51, 95% CI 0.29-0.93; p=0.027), and achieving DCP response was correlated with increased PFS (HR 0.44, 95% CI 0.26-0.74; p=0.002) (Table 5).

Table 5 | Univariate and multivariate analyses for factors affecting PFS and OS in the high DCP cohort (n=91).


[image: Table showing univariate and multivariate analyses of variables affecting progression-free survival (PFS) and overall survival (OS) in a study. Variables include age, gender, extrahepatic spread, BCLC staging, Child-Pugh classification, tumor size, baseline DCP, ALBI grade, DCP response, and vascular invasion. Hazard ratios (HR) with 95 percent confidence intervals (CI) and p-values are provided. Statistically significant values (p<0.05) are bolded. Key significant variables for PFS include extrahepatic spread and DCP response. For OS, DCP response shows significance.]



3.6 Prognostic value of the biomarker response for OS

Patients who achieved AFP or DCP response exhibited more favorable OS compared to the non-response subgroup (not reached vs. 21.9 months, p=0.012; not reached vs. 20.6 months, p=0.007, respectively) (Figure 4). The multivariate analysis revealed that AFP or DCP response was associated with prolonged OS (HR 0.47, 95% CI 0.22-0.99; HR 0.35, 95% CI 0.14-0.86; p=0.047, p=0.022, respectively) (Tables 4, 5).

[image: Graphs A and B display Kaplan-Meier survival curves. Graph A compares overall survival for AFP responders (red line, n=55) and non-responders (blue line, n=33) with the log-rank p-value of 0.012. Graph B shows overall survival for DCP responders (red line, n=42) and non-responders (blue line, n=49) with a log-rank p-value of 0.007. Responders exhibit higher survival rates than non-responders.]
Figure 4 | Kaplan-Meier curves of overall survival (OS) for patients with uHCC undergoing triple therapy. (A) in the high AFP cohort. (B) in the high DCP cohort. AFP, alpha-fetoprotein; DCP, des-gamma-carboxy prothrombin.





4 Discussion

The triple combination therapy of radiotherapy, anti-angiogenic agents and ICIs has demonstrated a promising improvement in local response and survival outcomes for uHCC (16, 31). Radiotherapy not only induces lethal DNA damage in tumors, but also enhances their antigenicity and adjuvant characteristics, effectively converting cancer cells into in situ vaccines and promoting the activation of anticancer immunity (32). Furthermore, ICIs serve to counteract the immunosuppressive effects and amplify abscopal effects of radiotherapy, leading to tumor shrinkage beyond the irradiation field (33, 34). Moreover, anti-angiogenic therapies can improve the effectiveness of radiation therapy by normalizing tumor vasculatures and fostering an immune-friendly tumor microenvironment (35). This research also confirmed the safety and effectiveness of triple treatment, yielding favorable outcomes. However, the current lack of a biomarker capable of accurately identifying individuals likely to benefit from this triple treatment represents a significant unmet clinical need.

Serum AFP, an easily accessible biomarker correlated with tumor burden and biology, has an established role in HCC for decades (36). It is generally recommended for use alongside ultrasound to facilitate early identification of HCC in high-risk individuals (37). Moreover, AFP measurements can be easily repeated during a patient’s follow-up, enabling dynamic assessment of changes to monitor treatment efficacy. Several retrospective researches on systemic therapy for HCC have investigated the prognostic value of AFP as a serum biomarker of response. A recent study found that a drop or rise in AFP over 30% was an independent predictor of objective response and PD, respectively (38). Shao defined early AFP response as a >20% drop from baseline levels at 4 weeks post-therapy, which was linked to increased treatment effectiveness of ICIs for advanced HCC (39). However, few studies have been reported on the prognostic value of AFP for SBRT or triple combination therapy. Additionally, the cutoff defining AFP response was somewhat arbitrary. As far as we are aware, this is the first study to explore the clinical value of tumor biomarker response in patients undergoing SBRT combined with systemic therapy. In the high AFP cohort, we discovered a greater than 50% reduction in AFP values at 6-8 weeks post-therapy independently predicted better OS (HR 0.47, 95% CI 0.22-0.99), PFS (HR 0.39; 95% CI 0.23-0.68) and ORR (OR 5.50, 95% CI 2.04-14.83). The main strength of this study is that the cutoffs defining biomarker responses were derived from ROC curves, adhered to a strict logical foundation. A substantial reduction in AFP levels (>50%) following triple therapy may enhance the confidence of both physicians and patients in choosing this treatment option. It helps in identifying patients who are likely to respond favorably to triple therapy and guide treatment modifications for those who show poor response.

The correlation between DCP and HCC was first reported in 1984 (40). Since then, accumulating evidence has revealed that DCP could serve as an effective diagnostic and prognostic tumor marker for HCC (41). Several research have investigated its usefulness for surveillance, treatment monitoring, and prognosis assessment of HCC (42, 43). Preoperative DCP positivity, but not AFP positivity, was an independent risk factor of early HCC recurrence after hepatectomy (44). DCP monitoring also assists with predicting OS and PFS in TACE (24). Lower pre-treatment DCP was linked to better OS (HR 0.65), and its response post-TACE of ≥20.0-50.0% decrease was associated with improved OS and PFS (HR 0.39 and 0.42, respectively) (25). Unfortunately, the prognostic utility of DCP in HCC patients undergoing SBRT or triple combination therapy remains obscure. In this study, DCP responders, defined as those with a decrease of over 70.0% from baseline, were associated with radiologic response (OR 7.99, 95% CI 2.82-22.60) and had better PFS (HR 0.39, 95% CI 0.23-0.68) and OS (HR 0.35, 95% CI 0.14-0.86) than DCP non-responders. DCP can serve as a valuable indicator for evaluating both immediate and long-term clinical outcomes after triple therapy, especially in patients with elevated baseline DCP levels. This study provides compelling evidence to endorse routine testing of DCP pre- and post- SBRT treatment.

Several limitations that should be acknowledged in this study. Firstly, this study adopted a retrospective design with a modest sample size, thereby introducing an inherent selection bias that cannot be avoided. Secondly, we excluded patients with AFP <10 ng/ml and DCP < 40mAU/ml at baseline, for whom alternate approaches should be considered such as liquid biopsies (45). Thirdly, differences in the types of ICIs and targeted agents may potentially influence the consistency of the treatment process and thus have a slight impact on the conclusions. Lastly, it is worth mentioning that a significant proportion of patients included were diagnosed with hepatitis B-associated HCC, thereby limiting the generality of the findings to a broader population. Despite these acknowledged limitations, we provide supportive rationale for AFP and DCP response cutoffs and tested the prognostic value of them.




5 Conclusion

A >50% decrease in AFP or a >70% decrease in DCP, measured 6-8 weeks after triple combination therapy of SBRT, immunotherapy, and targeted therapy for uHCC patients, was associated with improved ORR, PFS and OS. Results from this study demonstrate the clinical value of early biomarker response in predicting the efficacy of SBRT combined with immunotherapy and targeted therapy for patients with uHCC.
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Background

There is no established second-line treatment for hepatocellular carcinoma (HCC) following atezolizumab-bevacizumab (ate-beva) failure. This study assessed the efficacy of hepatic arterial infusion chemotherapy (HAIC) as a salvage therapy by comparing survival outcomes and treatment responses between HAIC as a first-line treatment and as a second-line option after ate-beva failure.





Materials and Methods

We retrospectively analyzed 100 patients with advanced HCC treated with HAIC between March 2022 and July 2024. Patients were categorized into two groups: those who received HAIC as initial therapy (first-line HAIC group) and those who received HAIC following ate-beva failure (post-ate-beva group). Survival outcomes were assessed with Kaplan-Meier curves and log-rank tests, and factors associated with survival were identified through Cox regression analysis.





Results

The post-ate-beva group exhibited longer overall survival (OS) (median OS 12.4 months) compared to the first-line HAIC group (median OS 6.8 months) (p = 0.073). Progression-free survival (PFS) was significantly superior in the post-ate-beva group (median PFS 8.2 months) compared to the first-line HAIC group (median PFS 3.1 months) (p = 0.018). The objective response rate was also notably higher in the post-ate-beva group than in the first-line HAIC group (35.3% vs. 18.1%, p = 0.031). In multivariate analysis, HAIC following ate-beva failure, compared to first-line HAIC, was significantly associated with favorable outcomes for both OS (p = 0.014) and PFS (p = 0.006).





Conclusion

The superior survival outcomes and treatment responses observed in the post-ate-beva group suggest that HAIC may be an effective second-line treatment option for advanced HCC following ate-beva therapy failure. However, due to the retrospective nature and small sample size of the study, further prospective studies with larger patient populations are needed to strengthen the evidence.
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1 Introduction

Hepatocellular carcinoma (HCC) represents 80–90% of all primary liver cancers and is the sixth most commonly diagnosed cancer and the third leading cause of cancer-related deaths (1). Patients with advanced HCC (Barcelona Clinical Liver Cancer, BCLC Stage C) should be evaluated for systemic therapy (2). Since 2007, sorafenib, a multitarget tyrosine kinase inhibitor (MKI), has been the standard treatment for advanced HCC (3). Recent advances have included other MKIs, such as lenvatinib, regorafenib, and cabozantinib, and the vascular endothelial growth factor receptor 2 (VEGFR2) inhibitor, ramucirumab (4–7). Immune checkpoint inhibitors in combination with anti-VEGF agents, particularly a combination of atezolizumab and bevacizumab (ate-beva), have also emerged as first-line treatment options, demonstrating superiority over sorafenib in the IMbrave150 trial (8).

In this era of immunotherapy in HCC, several studies have explored the efficacy of various drugs as salvage or second-line therapies following ate-beva treatment (9–11). These include MKIs, such as lenvatinib, regorafenib, and cabozantinib, which have shown acceptable outcomes in a few real-world studies (12). Nivolumab plus ipilimumab was also studied for the effectiveness after other immune checkpoint inhibitor regimens (13). Despite these efforts, there is no consensus on the optimal second-line therapy after ate-beva, largely due to the relatively small sample sizes and limited high-quality evidence in these studies. Consequently, there remains an unmet need for further research to establish an effective second-line therapy after ate-beva failure.

Hepatic arterial infusion chemotherapy (HAIC) is a locoregional therapy for advanced HCC, mainly used in Asian countries, especially in Japan and South Korea (14, 15). HAIC delivers chemotherapeutic agents directly to liver lesions via the hepatic artery using a port system (16). Regimens, including cisplatin and 5-fluorouracil, also known as FP combination therapy, are strongly recommended for HAIC (17). The presence of intrahepatic tumors is a key prognostic factor for OS in patients with advanced HCC (18). In this context, HAIC has been shown to significantly extend patient survival by reducing intrahepatic tumor burden (19).

Furthermore, numerous studies have evaluated the efficacy of HAIC in patients with advanced HCC, compared to MKIs. In one study, no differences in OS and PFS were observed between patients treated with HAIC and lenvatinib for unresectable HCC (16). Subgroup analysis of patients with high tumor burden beyond the REFLECT eligibility criteria (e.g., tumor involvement > 50% of liver volume, main portal vein tumor thrombosis (PVTT), bile duct invasion) revealed that the HAIC group had significantly longer OS compared to the lenvatinib group (16). Another study, which focused on patients with advanced HCC and main PVTT, found that those treated with HAIC had a longer time-to-progression and DCR than those who were treated with sorafenib, with OS remaining comparable between two groups (20). A meta-analysis comparing HAIC and sorafenib in advanced HCC showed that HAIC was superior in terms of OS, PFS, ORR, and DCR (21). Overall, these findings suggest HAIC could be a valuable treatment approach, even in patients with advanced HCC.

While ate-beva has transformed the treatment landscape and improved prognosis for advanced HCC patients, no drug has yet been established as a definitive salvage therapy following ate-beva failure (22). HAIC, which has shown promising outcomes in HCC patients, is also being explored for its potential synergism with immunotherapy and VEGF inhibitors, raising its potential as a salvage therapy following ate-beva failure (23, 24). In the present study, we evaluated the efficacy of HAIC as a potential salvage therapy by comparing outcomes between first-line HAIC and HAIC administered as a second-line therapy after ate-beva failure.




2 Materials and methods



2.1 Patients

We retrospectively reviewed the electronic medical records of 100 patients in Seoul St. Mary’s Hospital with advanced HCC based on tumor staging with radiological and/or histological methods (25). Patients were categorized into two groups: those who initially received HAIC (first-line HAIC group) and those who received HAIC following ate-beva therapy (post-ate-beva group). Thirty-four patients transitioned from ate-beva therapy to HAIC due to tumor progression. Treatment failure with ate-beva was confirmed by identifying progressive disease (PD) using the modified Response Evaluation Criteria in Solid Tumors (mRECIST). This study was approved by the Institutional Review Board of the Catholic University of Korea (approval number: XC23RIDI0075) and was performed in accordance with the Declaration of Helsinki. Informed consent was waived due to the retrospective nature of the study.




2.2 Treatment

The ate-beva treatment protocol involves an infusion of 15 mg/kg of bevacizumab alongside 1200 mg atezolizumab every 3 weeks (8). In HAIC treatment, the insertion of an indwelling catheter in the hepatic artery and a subcutaneously implanted port system enables repeated intermittent administration of drugs (26). The HAIC protocol consists of a daily infusion of 5-fluorouracil (500 mg/m2) for three days, with cisplatin (60 mg/m2) being administered on the second day (26). Laboratory tests were performed daily during the 3 days of infusion time and were assessed for any severe adverse events arose from HAIC. If any kind of adverse events graded 3 or above according to the CTCAE were documented, clinicians decided whether to continue or interrupt the infusion schedule and take a day rest or terminate the session for this time. To prevent nausea, patients were administered with a 5-hydroxytryptamine 3 antagonist after the end of treatment. Each HAIC procedure was carried out by a team of interventional radiologists, each with more than 5 years of professional expertise. HAIC sessions were scheduled every 4–6 weeks unless the patient experienced disease progression or significant treatment-related side effects.




2.3 Response evaluation

Responses were categorized as complete response (CR), partial response (PR), stable disease (SD), or PD according to the mRECIST, and the ORR and DCR were assessed (27). CR was defined as the absence of arterial enhancement. PR was defined as a reduction of more than 30% in the sum of the diameters of viable tumors. PD was identified by more than a 20% increase in the diameter of viable lesions. SD refers to tumors that did not meet the criteria for PD or PR. The ORR was determined as the proportion of patients who maintained CR or PR for a minimum of 4 weeks after the initial radiological evaluation. The DCR was defined as the percentage of patients who achieved CR, PR, or SD. To assess treatment responses, all patients who received HAIC underwent follow-up imaging, including liver dynamic computed tomography scans or dynamic MRIs with liver-specific contrast agents after two or three cycles of therapy. Two independent radiologists independently performed response evaluation according to the mRECIST criteria.




2.4 Study endpoints

The primary endpoint of the study was OS, defined as the duration from the start of HAIC treatment to death from any cause. Patients who were lost to follow-up or remained alive at the end of the follow-up period were considered censored. The secondary endpoint of the study was PFS, defined as the duration from the start of HAIC treatment to disease progression or death from any cause.




2.5 Statistical analysis

For statistical analysis, R Statistical Software (v4.4.1; R Foundation Inc., Vienna, Austria; http://cran.r-project.org, accessed on August 1, 2024) was used. Categorical variables were compared using either Pearson’s chi-square test or Fisher’s exact test, depending on the expected frequency in each category. Independent t-tests were utilized for comparing continuous variables. Kaplan-Meier survival curves and log-rank tests were used to evaluate and compare the survival outcomes between the groups, respectively. Cox regression analyses were utilized to identify factors associated with survival outcomes. Variables with p-value < 0.1 in the univariate analysis were included in the multivariate analysis. Columns with missing values were excluded to ensure accurate statistical analysis. Statistical significance was defined as a p-value of < 0.05.





3 Results



3.1 Patient characteristics

The baseline characteristics of patients who received first-line HAIC (n = 66) and those who received HAIC after ate-beva therapy (n=34) are summarized in Table 1. A total of 100 patients were evaluated between March 2022 and June 2024. There were no significant differences between the two groups in terms of age (65.79 ± 11.19 vs. 62.12 ± 13.46 years, p = 0.151), sex distribution (p = 0.113), BCLC stage (p = 0.189), and Child−Pugh class (p = 0.285). Etiological factors, including hepatitis B virus (HBV), hepatitis C virus, alcohol use, and other causes, showed no significant differences between the two groups (p = 0.458). No significant differences were found between the groups in terms of ECOG performance status scores, serum AFP levels, and tumor size (p = 0.999, p = 0.815, and p = 0.624, respectively). The percentage of patients who had multiple tumors was significantly higher in the first-line HAIC group (p = 0.017). The presence of portal vein invasion and distant metastasis were also comparable between the two groups (p = 0.521 and p = 0.535, respectively).

Table 1 | Patient demographics and characteristics.


[image: Table comparing characteristics of patients receiving first-line HAIC (n=66) and post-Ate-beva HAIC (n=34). Includes age, sex, liver function markers (AST, ALT, bilirubin), BCLC stage, etiology (hepatitis B/C, alcohol, others), Child-Pugh class, ECOG performance status, serum AFP level, tumor size, number of tumors, portal vein invasion, distant metastasis, prior treatments. The P-values indicate statistical significance, with major differences noted in the number of tumors and prior treatments, particularly TACE, with a P-value less than 0.001. Data presented as number and percentage, with means and standard deviations.]



3.2 Survival outcomes

The median follow-up duration for the entire cohort was 4.3 months, with no significant differences observed between the two groups (p = 0.123). During the follow-up period, 47 deaths were recorded. The median OS for the entire study population was 8.3 months (95% confidence interval [CI]: 6.8–17.3). Figure 1 illustrates the Kaplan-Meier survival curve for both groups. The post-ate-beva group demonstrated a longer median OS of 12.4 months (95% CI: 9.0, NA) compared to 6.8 months (95% CI: 4.1, NA) in the first-line HAIC group (p = 0.073). When comparing 12-month survival rates, the post-ate-beva group showed significantly higher survival rates of 54.0% (95% CI: 34.9–83.4) compared to 40.3% (95% CI: 28.0–58.1) in the first-line HAIC group (p = 0.043).

[image: Survival curves comparing first-line HAIC and post Ate-Beva HAIC treatments. The x-axis shows months after treatment, and the y-axis shows overall survival percentage. First-line HAIC is in teal, and post Ate-Beva HAIC is in orange. The p-value is 0.073. Numbers at risk are shown below the x-axis.]
Figure 1 | Overall survival comparison between patients treated with first-line HAIC and post-ate-beva HAIC using the Kaplan-Meier curve. The shaded area represents the 95% confidence interval. The dotted line indicates the median overall survival for each group, which exceeded 12 months for the post-ate-beva HAIC group and was 6.8 months for the first-line HAIC group. The number of patients at risk is displayed below the Kaplan-Meier curve. AB, Atezolizumab plus bevacizumab; HAIC, hepatic arterial infusion chemotherapy.

Regarding PFS, the median PFS for the entire study population was 5.1 months (95% CI: 3.0–6.1). The post-ate-beva group demonstrated a significantly longer median PFS of 8.2 months (95% CI: 4.2, NA) compared to 3.1 months (95% CI: 2.7–5.6) in the first-line HAIC group (p = 0.018). The 12-month PFS rates also favored the post-ate-beva group, with a rate of 41.0% (95% CI: 25.0–67.1), compared to 12.9% (95% CI: 5.3–31.4) in the first-line group (p = 0.012) (Figure 2).

[image: Kaplan-Meier survival curve comparing progression-free survival rates over 12 months for two treatments: First-line HAIC (dark green) and Post Ate-Beva HAIC (orange). The First-line HAIC shows a lower survival rate compared to Post Ate-Beva HAIC. The p-value by log-rank test is 0.012, indicating statistical significance. Number at risk decreases over time for both groups.]
Figure 2 | Progression-free survival comparison between patients treated with first-line HAIC and post-ate-beva HAIC using the Kaplan-Meier curve. The shaded area represents the 95% confidence interval. The dotted line indicates the median overall survival for each group, which was 8.2 months for the post-ate-beva HAIC group and was 3.1 months for the first-line HAIC group. The number of patients at risk is displayed below the Kaplan-Meier curve. AB, Atezolizumab plus bevacizumab; HAIC, hepatic arterial infusion chemotherapy.




3.3 Treatment response

Tumor response to HAIC was assessed based on the best treatment responses (Table 2). Eleven patients in the first-line HAIC group had PR compared to 12 patients in the post-ate-beva HAIC group. The first-line HAIC group included 27 patients with SD, while the post-ate-beva HAIC group included 17 patients with SD. CR was observed in only one patient from the first-line HAIC group. The ORR was significantly higher in the post-ate-beva HAIC group at 35.3% (12 of 34 patients) compared to 18.1% (12 of 66 patients) in the first-line HAIC group (p = 0.031). Additionally, the DCR was significantly higher in the post-ate-beva HAIC group at 85.3% (29 of 34 patients) compared to 59.1% (39 of 66 patients) in the first-line HAIC group (p = 0.008).

Table 2 | Treatment response evaluation.


[image: Treatment response table comparing First-line HAIC with Post-ate-beva HAIC. CR: 1.5% vs 0%. PR: 16.7% vs 35.3%. SD: 40.9% vs 50%. PD: 28.8% vs 14.7%. NA: 12.1% vs 0%. ORR: 18.1% vs 35.3%. DCR: 59.1% vs 85.3%. P-values respectively: 0.036, 0.031, 0.008.]



3.4 Factors associated with survival outcomes

Factors associated with survival outcomes were assessed (Table 3). In terms of OS, univariate analysis revealed that an ECOG score of 0 (hazard ratio [HR] 0.233, 95% CI: 0.107–0.509), Child−Pugh Class A (HR 0.456, 95% CI: 0.242–0.859), and tumor size >10 cm (HR 1.982, 95% CI: 1.083–3.629) were significant factors. In multivariate analysis, the post-ate-beva HAIC compared to first-line HAIC (HR 0.404, 95% CI: 0.197–0.829, p = 0.014), along with an ECOG score of 0 (HR 0.265, 95% CI: 0.097–0.721, p = 0.009), were the only two factors associated with favorable OS outcomes in the study population.

Table 3 | Factors associated with overall survival.


[image: Table comparing univariate and multivariate analyses for overall survival. Factors include post ate-beva HAIC, sex, viral etiology, ECOG 0, age, Child-Pugh Class A, AFP levels, tumor size, single mass, PVTT, and extrahepatic metastasis. Each factor is evaluated with hazard ratios, confidence intervals, and p-values for both analyses. Significant p-values are highlighted, indicating potential relationships with survival outcomes.]
Factors related to PFS were also analyzed (Table 4). In univariate analysis, post-ate-beva HAIC compared to first-line HAIC (HR 0.513, 95% CI: 0.292–0.901), ECOG score of 0 (HR 0.331, 95% CI: 0.155–0.708), Child−Pugh Class A (HR 0.549, 95% CI: 0.305–0.990), and the presence of extrahepatic metastasis (HR 2.079, 95% CI: 1.232–3.497) were significantly associated with PFS. In multivariate analysis, post-ate-beva HAIC (HR 0.441, 95% CI: 0.245–0.791, p = 0.006), ECOG score of 0 (HR 0.437, 95% CI: 0.196–0.974, p = 0.043), and the presence of extrahepatic metastasis (HR 1.753, 95% CI: 1.005–3.055, p = 0.048) remained significant factors influencing PFS.

Table 4 | Factors associated with progression-free survival.


[image: Table showing univariate and multivariate analyses of progression-free survival factors. Significant values include post ate-beva HAIC, ECOG 0, and extrahepatic metastasis. Key metrics are hazard ratios and P-values, with notable significance in multivariate analysis for HAIC and extrahepatic metastasis.]




4 Discussion

Recent studies have highlighted ate-beva therapy as a promising first-line option for patients with unresectable advanced HCC, demonstrating better outcomes compared to sorafenib [10]. However, the best second-line treatments for those whose disease progresses after initial ate-beva therapy are still not well established in HCC guidelines (28). Thus, there is an unmet need to explore second-line therapies for patients with HCC following ate-beva failure. In Asian countries, especially in South Korea and Japan, HAIC has been frequently used for unresectable advanced liver cancer because of its stronger antitumor effects compared to systemic chemotherapy and its reduced toxicity to other organs (29). However, there is still limited evidence on the effectiveness of HAIC following the failure of ate-beva therapy.

In the present study, we compared the treatment outcomes of HAIC administered after ate-beva treatment failure with first-line HAIC to evaluate the potential of HAIC as a salvage therapy in this setting. Our results showed that OS was longer in the post-ate-beva HAIC group than in the first-line HAIC group, though the difference did not reach statistical significance. This lack of significance may be attributed to the high proportion of censored data due to a relatively short follow-up period, which could dilute the observed differences between the groups. To address this, we also assessed the 12-month survival rates and found that patients who received HAIC following ate-beva treatment demonstrated significantly better 12-month OS and PFS rates compared to those who received HAIC as first-line therapy. Moreover, patients who received HAIC following ate-beva treatment exhibited higher ORR and DCR compared to those who received HAIC as their initial treatment. Multivariate analysis revealed that post-ate-beva HAIC, compared to the first-line HAIC, was a significant factor for favorable outcomes regarding OS and PFS.

Cancer cells evade immune surveillance by activating inhibitory mechanisms, often through the overexpression of specific checkpoint genes. Phagocytosis checkpoints like CD47, CD24, MHC-I, and PD-L1 play a critical role in cancer immunotherapy by acting as escape signals from immunogenic cells, thereby weakening the immune activity against tumors (30, 31). Given this background, the potential advantage of using HAIC as a second-line treatment following ate-beva failure might be explained by the immunogenic cell death (ICD) theory. ICD is associated with the release of various damage-associated molecular patterns (DAMPs) from dying cancer cells, including calreticulin, ATP, annexin A1, type 1 interferon, and high-mobility group box (32). These DAMPs interact with receptors on innate immune cells, such as pattern recognition receptors on dendritic cells, activate antigen-presenting cells, and initiate T-cell responses against cancer-specific antigens (33).

ICD also increases tumor-infiltrating lymphoid and myeloid cells, creating an immunoresponsive tumor microenvironment (TME) (34). Park et al. discovered that PD-L1 expressing tumor-associated macrophages (TAMs) are predominantly situated in the peritumoral area of HCC, and that blocking PD-L1 expression on macrophages could potentially restore the function of CD8+ and CD4+ T cells, hence improving the efficacy of immunotherapy (35). The combination of PD-1 inhibitors and anti-VEGF agents synergistically modulates the activity of effector T cells by normalizing the tumor vasculature within the TME. Anti-VEGF agent reduces VEGF-related immunosuppression in tumors and TMEs, and promotes T-cell infiltration, thereby enhancing the effectiveness of anti-PD-1 and anti-PD-L1 treatments, which strengthens antitumor immune response (36). This process helps transform “cold tumors” (which are less responsive to treatment) into “hot tumors” (which are more responsive). HAIC-based chemotherapy is known to facilitate the development of the TME, which is favorable for immunotherapy and boosting the antitumor effects of anti-PD-1 antibodies (37). Recent studies have also explored the use of peptides to specifically target oncogenic factors like PD-L1 and simultaneously address multiple factors, such as PD-L1 and VEGFR2, for more effective tumor suppression (38). In short, ICD induced by chemotherapy converts cancer cells into potent tumor vaccines, promoting the immune system’s ability to eliminate cancer cells, making it a valuable mechanism for cancer therapy (39). This synergy provides a strong rationale for using anti-PD-1 monoclonal antibodies and HAIC to treat advanced HCC (37).

In this context, several studies have explored the efficacy of cytotoxic chemotherapy in combination with an immune checkpoint inhibitor. Qin et al. demonstrated that combining camrelizumab (a PD-1 inhibitor) with oxaliplatin-based chemotherapy was tolerable in patients with advanced HCC and biliary tract cancer in terms of treatment response and safety (40). Another study conducted in China demonstrated that a regimen of camrelizumab, apatinib (a VEGFR-2 inhibitor), and HAIC was effective and safe for patients with BCLC stage C HCC (23). Zuo et al. also demonstrated that the combination of HAIC, camrelizumab, and apatinib resulted in superior OS and PFS in advanced HCC patients compared to treatment with camrelizumab and apatinib alone (41). Li et al. conducted a meta-analysis comparing the efficacy and safety of HAIC combined with immune checkpoint inhibitors and MKIs; the studies were divided into three groups of ICI plus other systemic therapies, HAIC therapy alone, and HAIC plus ICI or MKI therapy. The results showed that HAIC combined with ICI or MKI therapy demonstrated the longest median PFS of 9.37 months compared to other groups. Severe adverse effects were not significantly higher in the HAIC plus ICI or MKI group (42).

Despite the promising outcome of HAIC in our study, MKIs are the most favored second-line treatment following ate-beva treatments. In a multinational and multicenter retrospective study, Yoo et al. analyzed the clinical outcomes of MKIs after ate-beva failure, finding that second-line treatment with sorafenib and lenvatinib provided comparable efficacy and tolerable side effects (43). When comparing these two drugs in patients with advanced HCC after ate-beva failure, lenvatinib demonstrated superior PFS and comparable OS to sorafenib [11]. However, ORR was relatively low, with lenvatinib and sorafenib showing ORRs of 5.6% and 8.3%, respectively, highlighting their limitation as second-line treatment after ate-beva failure. These studies also include a relatively small number of patients, and differences in baseline characteristics were not sufficiently controlled, limiting the accuracy of the comparisons (43–45). The absence of a well-structured, randomized controlled trial reduces the level of evidence supporting the use of MKIs after ate-beva failure. Additionally, studies assessing the efficacy of MKIs combined with ICI therapy revealed more frequent and severe toxicities, raising concerns about the safety of these combination therapies (46). In this context, further studies are required to explore suitable second-line therapies for specific patient populations to better guide clinicians in making personalized treatment decisions, with HAIC being considered as a potential option.

Our study had several limitations. First, it had a retrospective design, which resulted in unequal distributions in both groups and may have introduced confounding factors. Future studies with randomized control trials or those utilizing propensity score matching would enhance the reliability of the study results. Second, the study predominantly involved an East Asian population with a high prevalence of HBV infection, which may limit the applicability of the results to other ethnicities and regions. Third, although OS was longer in the post-ate-beva group, the difference between the two groups was not statistically significant. A study with a longer follow-up period would be beneficial to further clarify the OS differences between these groups. Finally, the sample size was relatively small. To further strengthen this evidence, future studies should have prospective designs and include larger and more diverse populations, with baseline characteristics adjustments.

In conclusion, our results demonstrated that OS, PFS, ORR, and DCR were superior in patients with advanced HCC who received HAIC following ate-beva failure compared to those who received HAIC as an initial treatment. These findings suggest that HAIC may be a promising second-line treatment option for advanced HCC after ate-beva failure. Further studies comparing the treatment outcome of HAIC to other MKIs as a second-line treatment are required to determine the optimal therapy after the failure of ate-beva treatment.
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Background

Infiltrative hepatocellular carcinoma (HCC) remains a therapeutic challenge due to its aggressive course and poor prognosis. Hepatic arterial infusion chemotherapy (HAIC) plus immune checkpoint inhibitors (ICIs) and molecular targeted therapies (MTTs) has shown early promise for advanced HCC, but its role in advanced infiltrative HCC is unclear. This study aims to investigate the efficacy and safety of HAIC combined with ICIs and MTTs in the treatment of advanced infiltrative HCC.





Methods

Patients with infiltrative HCC initially treated with HAIC plus ICIs and MTTs were consecutively included at our institution from November 2021 to June 2023. The efficacy evaluation included tumor response, time to response (TTR), duration of response (DOR), progression-free survival (PFS) per RECIST 1.1, and patient survival. Adverse events (AEs) were recorded for safety evaluation.





Results

A total of 27 patients were included and the median follow-up was 15.8 months (range, 4.3–25.9). The best objective response rate (ORR) and disease control rate (DCR) were 70.4% and 88.9%, respectively. The median TTR was 2.8 months (95% confidence interval [CI], 2.6–3.0) and the median DOR was 7.9 months (95% CI, 3.2–12.5). The median PFS was 7.5 months (95% CI, 4.2–10.7), and the median overall survival (OS) was 16.8 months (95% CI, 14.0–19.6), with a 1-year OS rate of 74.1%. No cases of grade 4 or 5 treatment-related adverse events (TRAEs) were observed in this study. Grade 3 TRAEs occurred in 17/27 (63.0%) patients, and the predominant grade 3 treatment-related adverse events were lymphocyte count decreased (18.5%) and neutrophil count decreased (14.8%).





Conclusions

The combination of HAIC plus ICIs and MTTs demonstrated encouraging outcomes and manageable safety concerns for infiltrative HCC.
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1 Introduction

Hepatocellular carcinoma (HCC) is the most prevalent primary liver cancer and the third most common cause of cancer-related death globally (1). HCC is highly prevalent in China, representing half of all new cases and deaths worldwide (2). Over half of these cases are diagnosed at an advanced stage (3), with a five-year survival rate estimated at just 12.1% (2). HCC can be morphologically classified into three subtypes: nodular, massive, and infiltrative (4). Infiltrative HCC is relatively rare, accounting for 7%–20% of HCC cases (4). Diagnosing infiltrative HCC is challenging because it closely resembles cirrhotic nodules, lacking distinct nodular formations and often being associated with cirrhosis. Radiologically, it manifests as tumor nodules spreading throughout the hepatic lobe or the entire liver, with unclear boundaries. Interestingly, though, cut surface samples of its small tumor nodules often reveal clear borders (4).

Most patients with infiltrative HCC are initially diagnosed at an advanced stage, presenting with macrovascular invasion and/or extrahepatic metastasis (4, 5). As a result, they are generally not candidates for curative treatments like surgical resection, liver transplantation, or ablation (4, 6), leading to a poor prognosis. Additionally, the prognosis for infiltrative HCC is worse compared to other subtypes (7), with poorer survival linked to compromised liver function (e.g., Child-Pugh score, Model for End-Stage Liver Disease score, and albumin-bilirubin grade) and higher tumor burden (e.g., elevated alpha-fetoprotein levels, vascular invasion, and extensive tumor size, number, or distribution) (5–9). Due to its aggressive nature and poor prognosis, the Barcelona Clinical Liver Cancer Staging (BCLC) system recommended systemic therapy for infiltrative intermediate stage HCC in 2022 (10).

Hepatic arterial infusion chemotherapy (HAIC) has been recommended as a first-line option for advanced HCC in Asia (3). However, local monotherapy for infiltrative HCC has been analyzed in previous studies, with HAIC reporting an objective response rate (ORR) of 34.8% and overall survival (OS) of 13.3 months (5, 6, 8, 9, 11). This highlights the urgent need for more effective treatments. In recent years, combining HAIC with molecular targeted therapies (MTTs) and immune checkpoint inhibitors (ICIs) has shown promise in advanced HCC. HAIC reduces intrahepatic tumor burden while stimulating tumor immunogen exposure to promote immunotherapy (12). When anti-angiogenic drugs are used in combination with programmed death-(ligand)1 (PD-[L]1) inhibitor, immune checkpoint activity is suppressed, and T-cell function is enhanced, leading to a stronger anti-tumor response (13, 14). Thus, this combination may have potential synergistic anti-tumor effects (15). Some real-world studies have shown that HAIC plus ICIs and MTTs for advanced HCC demonstrate a higher tumor response rate and better long-term efficacy, with an ORR of 40.0%–96.0% and a median OS of 15.9–17.9 months in the triple therapy group (16–21). We speculated that patients with the infiltrative subtype of advanced HCC could benefit from the strong anti-tumor effects of combination therapies. However, this specific approach has not yet been studied for this subtype. Therefore, this retrospective study aims to describe the efficacy and safety of HAIC with a modified FOLFOX6 regimen combined with ICIs and MTTs for antitumor treatment-naive advanced infiltrative HCC, the most malignant subtype of HCC. This study seeks to fill a gap in the literature and offer clinical insights that could shape future treatment strategies for this challenging subtype.




2 Materials and methods



2.1 Patients

This retrospective study was approved by the Ethics Committee of Union Hospital, Tongji Medical College, Huazhong University of Science and Technology (No. 2024-0725). The requirement for informed consent was waived for this retrospective study. The medical records of consecutive HCC patients who received FOLFOX-HAIC combined with ICIs and MTTs were reviewed in our institution from November 2021 to June 2023. The diagnosis and selection of the infiltrative subtype relied on imaging features, such as infiltrative or diffuse intrahepatic nodules, minimal and inconsistent arterial phase enhancement, heterogeneous washout, and no obvious boundaries in any part of the tumor on preoperative images (4). There were no restrictions on the specific use of ICIs and MTTs among the included patients, ensuring an increased sample size and representativeness.

The inclusion criteria were: 1) age 18 or older; 2) diagnosed with HCC histologically or clinically according to the European Association for the Study of the Liver (EASL) guidelines (22); 3) confirmed as infiltrative-type via CT or MRI (4); 4) Barcelona Clinical Liver Cancer (BCLC) stage C; 5) Eastern Cooperative Oncology Group (ECOG) performance status 0–1; 6) treated with a combination of HAIC with ICIs plus MTTs as the first-line treatment for at least 2 cycles. Patients were excluded if they received any other tumor-related treatment, such as transarterial chemoembolization (TACE) or radiation, during the combination therapy cycle; had other malignant tumors; had incomplete or missing clinical or imaging data; or were lost to follow-up for more than 3 months.




2.2 HAIC

The Seldinger technique was used to puncture the femoral artery. A 5 French catheter was inserted to identify the anatomy of the hepatic artery and the arterial supply of the tumor. A 2.7 French coaxial microcatheter was selectively placed in the feeding artery of the tumor, and perfusion chemotherapy was performed. Besides, collateral vessels should also be pre-embolized to achieve blood flow redistribution or maximize tumor control. When blood flows into the gastroduodenal artery and extrahepatic branches far from the proper hepatic artery, these routes were embolized with coils. The therapeutic scheme was a modified FOLFOX6 regimen, including oxaliplatin (85 mg/m2, from hour 0 to 2 on day 1), leucovorin (200 mg/m2, from hour 2 to 3 on day 1), and fluorouracil (400 mg/m2, bolus at hour 3; and 2400 mg/m2 over 46h on days 1 and 2). HAIC was repeated every 3 weeks until tumor progression or unacceptable toxicity. Dose reductions based on liver function and drug tolerance were permitted according to previous studies (23, 24). All patients with hepatitis B virus (HBV) infection underwent viral load testing before treatment, and received effective antiviral treatments if required.




2.3 Systemic treatment

Patients received intravenous PD-(L)1 inhibitors for 30–60 min every 3 weeks, with dosages as follows: sintilimab 200 mg, raltilizumab 200 mg, camrelizumab 200–250 mg, atezolizumab 1200 mg, and triplimab 240 mg. The administration of ICIs commenced on day 3 of the first HAIC cycle until disease progression or unacceptable toxicities. Dose reduction of PD-(L)1 inhibitor was not permitted, but interruption and discontinuation due to AEs were allowed.

Anti-angiogenic agents comprise tyrosine kinase inhibitors (TKIs) and monoclonal antibodies. The former, including apatinib (250 mg, once daily), donafenib (200 mg, once daily), and lenvatinib (8 mg, once daily), was administered orally. The latter involved bevacizumab (7.5 mg/kg, intravenous infusion, every 3 weeks). If HAIC was present, the oral agents were typically paused for 3–5 days during HAIC and bevacizumab was administered 3 days after HAIC. Dose reduction, interruption, and discontinuation of MTTs due to AEs were allowed.

ICIs and MTTs could be interrupted or discontinued in case any grade ≥ 3 treatment-related adverse events (TRAEs) and grade ≥ 2 immune-related adverse events (irAEs) were observed. The administration of ICIs and MTTs, including any dose adjustments, suspensions, or discontinuations, was in accordance with local care standards and the approved product label.




2.4 Data collection and follow-up

Baseline characteristics, clinical data, and radiological data before every treatment session for eligible patients were retrospectively collected from medical records. For the diagnosis of liver cirrhosis, non-invasive examinations, including imaging, liver function indicators, and etiology, were performed according to the EASL (25) and the Chinese Society of Hepatology Liver Cirrhosis Guidelines (26).

Chest CT and contrast-enhanced abdominal CT or MRI were performed for tumor assessments. These assessments were conducted at baseline, every 6 weeks until week 48, and then every 12 weeks until progression or death. The imaging data were independently evaluated by two radiologists (Bin Liang and Songlin Song) with over 10 years of experience. The last follow-up of this study was in June 2024.




2.5 Outcome

The outcome measure was progression-free survival (PFS), defined as the interval from the date of treatment initiation to the date of progression or death from any cause, whichever is sooner. Additional outcome measures included OS, 1-year OS rate, ORR, disease control rate (DCR), time to response (TTR), duration of response (DOR), and adverse events (AEs). PFS, ORR, DCR, TTR, and DOR were all assessed per RECIST 1.1. mRECIST was discarded because of atypical enhancement of infiltrative HCC. Subgroup analysis for ORR was carried out to determine the association between tumor response and the baseline characteristics. OS was defined as the interval from the date of treatment initiation to the date of death from any cause. ORR was defined as the proportion of patients with a complete response (CR) or partial response (PR). DCR was defined as the proportion of patients with a CR, PR, or stable disease (SD). TTR was defined as the time from treatment initiation to the first recorded CR or PR for patients with CR or PR. DOR was defined as the time from the first recorded CR or PR to disease progression or death for patients with CR or PR. Patients who remained alive without disease progression at the time of analysis were regarded as censored at the last imaging evaluation. TRAEs were assessed according to the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE) version 5.0 (27) and irAEs were assessed according to the European Society for Medical Oncology (ESMO) Clinical Practice Guideline (CPG) (28).




2.6 Statistical analysis

Categorical variables were described as frequencies and percentages. Continuous variables were expressed as median and range (min-max). The PFS, OS, TTR, and DOR with associated 95% confidence interval (CI) were estimated using the Kaplan–Meier method. The ORR with 95% CI was determined for each subgroup, and proportion of responders between groups was compared by Fisher exact test. A two-tailed p-value less than 0.05 was considered to indicate statistically significant differences. Statistical analysis was performed using SPSS 27.0 (SPSS, Chicago, IL, USA) and GraphPad Prism 10.0 (GraphPad Software, La Jolla, CA, USA).





3 Result



3.1 Patient characteristics

A total of 49 infiltrative HCC patients initially received HAIC combined with ICIs plus MTTs in our hospital between November 2021 and June 2023. Of those, 8 were excluded because they received other tumor-related treatment in addition to the combination therapy, 9 were excluded because of incomplete medical records, and 5 were lost to follow-up. Finally, 27 patients were included in this study (Figure 1). The median age was 54 years (range, 29–78). The median tumor diameter was 13.0 cm (range, 3.4–23.8), and 21 patients (77.8%) had tumor size ≥10 cm. The most prevalent cause of HCC was chronic hepatitis B virus infection (88.9%), and 77.8% of patients had cirrhosis. More than half of patients (63.0%) were classified as Child-Pugh class A liver function. All 27 included patients had BCLC stage C disease, of which 24 (88.9%) had portal invasion, and 12 (44.4%) had extrahepatic spread. The baseline characteristics are summarized in Table 1.

[image: Flowchart depicting patient selection for a study: 109 patients with HCC underwent HAIC combined with MTT plus ICIs. Of these, 49 met the inclusion criteria. Exclusions included additional antitumor treatment (8), incomplete medical records (9), and lost to follow-up (5), leaving 27 eligible patients treated with HAIC plus ICIs and MTT as first-line treatment.]
Figure 1 | Patient flowchart. A total of 109 patients were screened, of which 49 cases met the inclusion criteria. Twenty-two of these 49 cases met the exclusion criteria: 8 cases received additional antitumor treatment, 9 cases had incomplete medical records, and 5 cases were lost to follow-up. Finally, 27 patients were included in this study and analyzed for efficacy and safety.

Table 1 | Baseline characteristics of patients.


[image: A table displays characteristics of 27 patients, including demographics, diagnosis methods, and medical conditions. Key data: 88.9% male, median age 54, 59.3% diagnosed histologically, 40.7% with comorbidities, 88.9% hepatitis B. Cirrhosis present in 77.8%, and portal invasion in 88.9%. Tumor distribution is 37% unilobar, 63% bilobar, and 96.3% with more than three tumors. Tumor size median is 13 cm, with 77.8% having tumors larger than 10 cm. Alpha-fetoprotein levels ≥400 ng/mL in 66.7%.]



3.2 Efficacy

The median follow-up was 15.8 months (range, 4.3–25.9). The administration of study treatment is shown in Table 2. The median number of HAIC cycles was 6 (range, 3–9); the median number of ICIs cycles was 7 (range, 3–18), and the median duration for MTTs was 7.0 months (range, 3.0–17.0). The most commonly used anti-PD-(L)1 agent and targeted drug were sintilimab (44.4%) and bevacizumab (44.4%), respectively. At the time of analysis, 20 (74.1%) patients had met the primary endpoint; of these, 15 patients (55.6%) had disease progression, and five patients (18.5%) had died. Those 15 patients received subsequent treatment. Subsequent treatment after discontinuation of study treatment is shown in Table 3.

Table 2 | The administration of study treatment.


[image: Table showing study treatment details for 27 patients. Treatment management includes HAIC cycle with median 6 (range 3–9), ICIs cycle with median 7 (range 3–18), and MTTs duration 7.0 months (range 3.0–17.0). PD-(L)1 inhibitors used: Sintilimab 12 (44.4%), Raltilizumab 6 (22.2%), Camrelizumab 6 (22.2%), Atezolizumab 2 (7.4%), Triplumab 1 (3.7%). Targeted drugs used: Apatinib 2 (7.4%), Donafenib 4 (14.8%), Lenvatinib 9 (33.3%), Bevacizumab 12 (44.4%). Abbreviations defined include HAIC, ICIs, MTTs, and PD-(L)1.]
Table 3 | Subsequent treatment after discontinuation of study treatment.


[image: Table displaying subsequent treatments for patients, with fifteen total patients. Treatments include: original program continuation (1), transarterial chemoembolization (2), other chemotherapy (3), sintilimab plus lenvatinib (3), camrelizumab plus apatinib (1), tirelizumab plus lenvatinib (1), atrizumab plus bevacizumab (1), regorafenib (3), sintilimab (1), and conservative therapy (2).]
Tumor response is shown in Table 4. At the 3-month time point, the ORR and DCR were 51.9% and 88.9%, respectively. According to the best objective response, the ORR and DCR were 70.4% and 88.9%, respectively (Figure 2). The median TTR and DOR were 2.8 months (95% CI, 2.6–3.0) and 7.9 months (95% CI, 3.2–12.5), respectively (Table 5, Figure 3). The median PFS was 7.5 months (95% CI, 4.2–10.7), with the 3-, 6-, and 12-month PFS rates of 92.6%, 63.0%, and 33.3%, respectively. The median OS was 16.8 months (95% CI, 14.0–19.6), with a 1-year OS rate of 74.1% (Figure 4). Subgroup analysis of the ORR (Table 6) showed that ORR was consistent in all subgroups. Although patients with ALBI grade 1, no extrahepatic metastases, and unilobar involvement demonstrated higher tumor response rates, the differences were not statistically significant.

Table 4 | Tumor response.


[image: Table showing RECIST 1.1 responses for a sample size of 27. At three months, ORR is 51.9% and DCR is 88.9%. The best response shows ORR at 70.4% and DCR at 88.9%. Overall and intrahepatic responses show PR, SD, and PD percentages, with CR consistently at 0%.]
[image: Three pairs of MRI scans are depicted, showing the liver at different times: baseline, three months, and six months. Arrows highlight changes in the liver tissue over time. The first row (A, B, C) illustrates progressive improvement in a liver lesion, evident by decreasing size. The second row (D, E, F) shows similar progress, with arrowheads indicating shrinking abnormalities. The image sequence demonstrates the treatment response over six months.]
Figure 2 | A 53-year-old man had advanced infiltrative hepatocellular carcinoma (HCC) confirmed by histology. Baseline MRI showed a right portal vein tumor thrombus (PVTT) in the portal venous phase (A, white arrow). Follow-up imaging after combination therapy showed a reduction in PVTT at 3 months (B, white arrow), with further reduction at 6 months (C, white arrow). Additionally, baseline MRI revealed patchy areas of heterogeneous enhancement diffusely involving the posterior segment of the right lobe in the arterial phase (D, between white arrowheads). Follow-up imaging after combination therapy showed a decrease in tumor size and partial response (PR) at 3 months (E, between white arrowheads), with further reduction and loss of enhancement observed at 6 months (F, between white arrowheads).

Table 5 | Summary of Efficacy Outcomes.


[image: A table summarizes clinical data for RECIST 1.1 involving 27 patients. Key variables include: PFS median is 7.5 months; 74.1% had events. PD cases total 55.6%, with details on new lesions and 18.5% mortality. PFS rate at 3, 6, and 12 months is 92.6%, 63%, and 33.3% respectively. TTR median is 2.8 months, DOR is 7.9 months, and OS is 16.8 months, with a one-year OS rate of 74.1%. Terms are defined: CI, PFS, TTR, DOR, OS.]
[image: Bar chart showing treatment and follow-up periods over 27 months for multiple participants. Orange bars represent treatment, blue represent follow-up. Symbols indicate PR (green triangles), PD (red triangles), deaths (red Xs), and ongoing studies (blue arrows).]
Figure 3 | Treatment exposure, survival, and response duration for all patients, as assessed by RECIST 1.1, were ranked based on the follow-up period after the initial combination therapy. The orange bar indicates the duration of combined treatment for each patient. Green triangles mark the time of the first PR, while red triangles denote the time of progressive disease (PD) on imaging. The blue bar represents the survival follow-up period following PD. At the end of each patient’s follow-up period, a red cross signifies the time of death, while a right arrow indicates that the patient is still receiving combination therapy. Patients who are not marked with a red cross or right arrow are still under survival follow-up.

[image: Four Kaplan-Meier survival plots labeled A, B, C, and D. Plot A shows Progression-Free Survival with a median of 7.5 months. Plot B displays Overall Survival with a median of 16.8 months. Plot C illustrates Time to Response with a median of 2.8 months. Plot D depicts Maintaining Response with a median of 7.9 months. Each plot includes shaded confidence intervals, censored data indicators, and the number of participants at risk over time.]
Figure 4 | Kaplan–Meier analysis of the median progression-free survival (A) was 7.5 months (95% confidence interval [CI], 4.2–10.7), median overall survival (B) was 16.8 months (95% CI, 14.0–19.6), median time to response (C) was 2.8 months (95% CI, 2.6–3.0), and median duration of response (D) was 7.9 months (95% CI, 3.2–12.5).

Table 6 | Subgroup analysis of objective response rate.


[image: A table displays the overall response rate (ORR) and confidence interval (CI) for various patient groups in a study, with P-values indicating statistical significance. Categories include sex, age, comorbidities, cirrhosis, Child-Pugh class, ALBI grade, ECOG performance status, portal invasion, IVC tumor thrombosis, extrahepatic spread, tumor distribution, tumor size, and AFP level. Each category lists n/N values, ORR percentages with 95% CI, and corresponding P-values. The table concludes with abbreviations and their meanings.]



3.3 Safety

TRAEs of grade 4 and 5 did not occur in this study. All patients experienced at least one TRAE, and 17 patients (63.0%) experienced at least one grade 3 AE (Table 7). The common TRAEs of any grade included hypoalbuminemia (59.3%) and lymphocyte count decreased (48.1%). The predominant grade 3 AEs were lymphocyte count decreased (18.5%) and neutrophil count decreased (14.8%). For patients experiencing grade 3 gastrointestinal hemorrhage (7.4%), the combination therapy was interrupted. Endoscopic treatment for bleeding was administered, and the combination therapy was resumed only after recovery to grade 0–1, in conjunction with gastric mucosal protective medications. Furthermore, a particular abdominal pain associated with oxaliplatin was observed in 7 patients. This pain was quickly relieved by slowing or stopping the infusion of oxaliplatin though it could be acute and severe.

Table 7 | Treatment-related adverse events.


[image: A table of adverse events in 27 patients, detailing total occurrences and distribution by severity grade. Key events include hypoalbuminemia (59.3%), lymphocyte count decreased (48.1%), and thrombocytopenia (40.7%). Each event is categorized by any grade, grades one to two, and grade three. Treatment-related adverse events were assessed by CTCAE version five point zero, and immune-related events by ESMO guidelines.]
A total of 9 patients (33.3%) experienced irAEs. The predominant irAEs of any grade were dermatitis (11.1%), enterocolitis (7.4%), and hypothyroidism (7.4%). irAEs of grade 3 were evident in 2 patients (7.4%), with the predominant events being dermatitis (3.7%), characterized by erythematous papules on the limbs and severe pruritus, and enterocolitis (3.7%), manifested by severe diarrhea (increase of ≥7 stools/day). These conditions caused discontinuation and interruption of immunotherapy, respectively, and both recovered after steroid treatment.

AEs prompted dose discontinuation and interruption of PD-(L)1 inhibitor occurred in 1/27 (3.7%) and 3/27 (11.1%) patients, respectively. AEs prompted dose discontinuation, interruption, and reduction of targeted drugs occurred in 2/27 (7.4%), 3/27 (11.1%), and 4/27 (14.8%) patients, respectively. No patients discontinued HAIC treatment due to AEs. AEs leading to dose adjustments are summarized in Table 7.





4 Discussion

The combination of HAIC with ICIs and MTTs showed promise in improving outcomes in patients with infiltrative HCC. This retrospective study, to the best of our knowledge, is the first study to evaluate the efficacy and safety of HAIC combined with ICIs and MTTs in patients with BCLC stage C infiltrative HCC who had not previously undergone any form of antitumor treatment. In this research, HAIC plus PD-(L)1 inhibitors and anti-angiogenic agents in patients with antitumor treatment-naive infiltrative HCC yielded a median PFS of 7.5 months, an ORR of 70.4%, and durable responses (7.9 months). The median OS was 16.8 months, with a 1-year OS rate of 74.1%. HAIC combined with ICIs plus MTTs demonstrated manageable toxicity profile. No cases of TRAEs of grade 4 or 5 were observed in this study, and grade 3 AEs occurred in 17/27 (63.0%) patients.

Our study found that HAIC combined with ICIs and MTTs in BCLC stage C infiltrative HCC was associated with better efficacy. Previous studies have evaluated the efficacy of intra-arterial therapy in patients with infiltrative HCC, which was lower than our result in most cases. Han et al. (6) reported a median OS of 5.7 months with TACE. Kim et al. (5) found that the median PFS and OS after TACE in BCLC stage B infiltrative HCC achieved 6 months (95% CI, 5–7) and 16 months (95% CI, 14–18), respectively. An et al. (9) reported an improvement in PFS (7.8 vs 4.0 months, P = 0.035) and OS (13.3 vs 10.8 months, P = 0.043) with HAIC over TACE in infiltrative HCC patients with Child-Pugh class A. The PFS in the HAIC group, as observed in the study by An et al., was consistent with our findings, and the OS in our study was longer. However, this study included more patients with comorbidities (40.7% vs 13.2%), a larger tumor burden (13.0 cm vs 10.9 cm), a higher proportion of patients with vascular invasion (88.9% vs 70.6%), and included patients with Child-Pugh B (37.0%). The prognosis of these patients is often considered poor (5, 29–31) and often excluded from most other studies for advanced HCC (19, 32, 33). Therefore, the population included in our study may have better reflected the population typically observed in routine clinical practice for advanced HCC.

Although the results of this study showed advances in the treatment of infiltrative HCC, the curative effect was unsatisfactory. A high tumor burden is recognized as an independent prognostic factor for HCC, with a stronger tumor response being associated with improved survival outcomes (8, 9). In this study, the ORR and DCR were 70.4% and 88.9%, respectively. Given the aggressive progression characteristic of infiltrative HCC, the time point response at 3 months was selected to assess ORR and DCR. At this time point, the ORR was 51.9%, and the DCR remained at 88.9%, with a TTR of 2.8 months (95% CI, 2.6–3.0). Prior studies reported an ORR of 10.7% to 12.1% for advanced infiltrative HCC following TACE (6, 9, 34), while 34.8% after HAIC (9). When compared to the results from studies on triple combination therapy for advanced HCC (18, 19, 31, 32), our findings present a contrasting picture. While the ORR in previous studies was comparable (77.1%) or even lower (54.1% to 63.9%) than in our study, these studies reported longer PFS of 10.4 to 11.1 months and OS of 17.9 months or not reached. These results may align with the dismal prognosis associated with the infiltrative subtype of HCC. Although infiltrative HCC shows a rapid and favorable tumor response with triple therapy, the malignancy appears to remain aggressive, with a high likelihood of relapse or progression following an early ORR. Our study sought to determine whether tumor response was associated with different subgroups within the patient population. Unfortunately, the tumor response of the triple therapy was consistent across different patient subgroups, even though patients with ALBI grade 1, absence of extrahepatic metastases, and unilobar involvement showed higher tumor responses. This may be attributed to the rarity of the subtype and the limited sample size.

Triple therapy has shown potential benefits in advanced HCC and is also expected to enhance outcomes in the advanced infiltrative subtype. The possible main reason for the significant anti-tumor activity might be the synergistic impact of the triple combination treatment with HAIC, PD-(L)1 inhibitors, and targeted drugs. Firstly, HAIC can enhance the local hepatic drug concentration and the penetration of drugs into tumors, maximizing the effectiveness of chemotherapy while reducing systemic toxicity (35). Secondly, targeted drugs and PD-(L)1 inhibitors play a crucial role in modulating the tumor immune microenvironment and enhancing immune response (19, 33, 36, 37). This combination may potentially reduce resistance to anti-angiogenic drugs by disrupting an immunosuppressive environment (38). Thirdly, the synergy between targeted drugs and PD-(L)1 inhibitors may impede tumor angiogenesis, promote vascular normalization, and overcome resistance to FOLFOX agents (31, 39, 40), thereby disrupting tumor hypoxia and enhancing drug delivery and permeation. Lastly, the immunogenic cell death induced by HAIC further augments the anti-tumor effect of immunotherapy (41, 42). Both targeted drugs and the sustained high-concentration chemotherapy of HAIC have demonstrated efficacy in managing patients with a high tumor burden and effectively improving tumor regression rates (18, 19, 23, 43, 44). Therefore, triple therapy holds the potential to promptly alleviate tumor burden and prolong the duration of the systemic treatment response.

In this study, no treatment-related deaths occurred, and the safety profile was similar to that of previous combination therapies for advanced HCC (18, 19, 31, 32). There were no unexpected adverse events observed. Two patients experienced grade 3 gastrointestinal hemorrhage, which was attributed to bevacizumab, and both recovered by promptly discontinuing the combination treatment and receiving urgent treatment. Therefore, establishing strict inclusion criteria for patients at high risk of bleeding is of paramount importance. Additionally, although grade 3 lymphocyte count decreased (18.5%) and neutrophil count decreased (14.8%) were common, these side effects were associated with HAIC and improved quickly in the short term, without significantly impacting treatment. An increase in irAEs of any grade was observed, however, the majority of cases were grades 1–2 and were manageable. No other potential toxic events were observed, demonstrating that the combination therapy for infiltrative HCC is feasible and safe.



4.1 Limitations of the study

There are several limitations of our study that need to be mentioned and further discussed. First, he mRECIST criteria were not used to evaluate efficacy in this study due to the challenges it presents in assessing tumor response in infiltrative HCC. In infiltrative HCC, arterial enhancement is typically minimal and inconsistent, and the appearance of washout in the portal venous phase is often irregular and heterogeneous, which does not align with the typical enhancement characteristics of HCC. This inconsistency fails to meet mRECIST requirements for identifying intrahepatic target lesions (viable tumors) with classic HCC enhancement features, such as greater enhancement than the surrounding liver parenchyma during the arterial phase and a washout appearance during the portal venous phase. In contrast, RECIST 1.1 defines lesion measurement by the longest overall tumor diameter, irrespective of enhancement or internal necrotic areas (45). Thus, RECIST 1.1 appears more suitable than mRECIST for evaluating infiltrative HCC. Further studies are needed to explore methods for evaluating tumor activity in infiltrative HCC. Second, this study was a single-center retrospective study with a relatively small sample size, so selection bias could not be completely avoided. This is primarily due to the rarity of infiltrative HCC and the stringent screening criteria used to minimize patient heterogeneity. However, these factors may limit the generalizability of our findings to patients with different disease stages, prior antitumor treatments, or from different regions. Future prospective randomized controlled trials or large multicenter studies with patients at different disease stages and treatment backgrounds are needed to validate our findings and improve the generalizability and applicability of the results in clinical settings. Third, the follow-up period was relatively short, limiting the assessment of long-term treatment effects. The highly malignant nature of infiltrative HCC, which leads to reduced survival, also contributed to the shorter follow-up. Additionally, short-term outcomes, such as tumor response and PFS, are not influenced by subsequent treatments, making them more accurate measures of efficacy than OS. Meanwhile, patients in this study are still under ongoing follow-up to obtain long-term data on the efficacy of the combination therapy.




4.2 Future recommendations

The influence of the infiltrative subtype on clinical trial outcomes may be noteworthy. Previous studies often lacked data on the specific tumor types of HCC or the proportion of infiltrative HCC, which could skew results, as a higher proportion of the infiltrative subtype might lead to poorer prognosis. This underscores the importance of stratifying populations based on tumor subtype to more accurately assess treatment efficacy. Additionally, infiltrative HCC has shown a high tumor response when assessed by tumor size as defined by RECIST 1.1, which might underestimate its malignancy. To more accurately reflect the poor prognosis associated with this subtype, more stringent methods for evaluating tumor response are needed, such as combining measurements of tumor size with enhancement. For example, a patient assessed as a PR based on tumor size should be classified as SD rather than PR if lesion still shows enhancement.





5 Conclusion

In summary, HAIC combined with PD-(L)1 inhibitors and targeted drugs appears to have a favorable anti-tumor activity in patients with advanced, treatment-naive infiltrative HCC, with manageable toxicities. Although the outcomes are still below optimal expectations, this triple therapy presents a viable and promising alternative for treating this challenging HCC subtype, which warrants further investigation.
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Background

Liver hepatocellular carcinoma (LIHC) continues to pose a major global health concern and is characterized by elevated mortality rates and a lack of effective therapies. This study aimed to explore differential gene expression linked to cellular senescence and pyroptosis in LIHC and to develop a prognostic risk model for use in clinical settings.





Methods

We acquired datasets from The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO). DESeq2 was used to identify differentially expressed genes associated with cell senescence and pyrodeath. The least absolute shrinkage and selection operator (LASSO) regression model was developed using cellular senescence- and pyroptosis-related differentially expressed genes (CSR&PRDEGs), and its predictive performance was evaluated with Kaplan–Meier survival analysis and time-dependent receiver operating characteristic (ROC) curves. We also performed various functional analyses of the genes. These findings were validated by real-time fluorescence quantitative polymerase chain reaction (PCR).





Results

Using bioinformatics analysis, we developed a prognostic risk framework incorporating six critical genes: ANXA2, APOA1, EZH2, IGF2BP3, SQSTM1, and TNFRSF11B.The model demonstrated a statistically significant difference in overall survival between the high-risk and low-risk groups (p < 0.05). Additionally, real-time fluorescence quantitative PCR confirmed that genes ANXA2, APOA1, EZH2, IGF2BP3, SQSTM1, and TNFRSF11B were significantly overexpressed in the peripheral blood of patients with LIHC in comparison to normal volunteers, thereby validating the prognostic risk model’s accuracy.





Conclusions

This study systematically elucidated the functions of genes associated with senescence and pyroptosis in LIHC cells. The constructed prognostic risk model serves to guide the development of personalized treatment plans, enhance patient management via risk stratification, facilitate the identification of high-risk patients, intensify monitoring or implement proactive interventions, thereby providing a novel perspective for the diagnosis and treatment of LIHC.
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1 Introduction

Hepatocellular carcinoma (LIHC) is the fourth most common cause of cancer-related deaths worldwide, with approximately 782,000 new cases and 746,000 fatalities annually (1). The onset of LIHC is insidious, its etiology is multifaceted, early detection is challenging, and treatment options are limited. The current treatment approaches include surgery, liver transplantation, immunotherapy, targeted therapy, radiotherapy, and chemotherapy (2). Surgical intervention remains the preferred method, offering superior prognostic outcomes compared with other treatments, with a significant increase in the 5-year survival rate after surgical resection, reaching nearly 80% over the past decade (3). However, this approach requires early diagnosis and is ineffective against subclinical metastasis (4). Liver transplantation is the most effective treatment for end-stage LIHC. However, its broad application is limited by the shortage of donor organs (5). Although immunotherapy and targeted therapy are advantageous because of their convenience and precise therapeutic effects, they are accompanied by high toxicity and side effects (6, 7). Transcatheter arterial chemoembolization can effectively target tumor cells; however, it also leads to gastrointestinal side effects due to the chemotherapy drugs, bone marrow suppression, and post-embolization syndrome (8). Radiofrequency ablation is limited to small, non-metastatic tumors and may result in tumor recurrence or residual tumor after resection as well as potential liver function impairment (9, 10). For individuals with advanced LIHC, the 5-year survival rate is less than 15%. This highlights the pressing need for novel diagnostic and prognostic biomarkers for early detection and diagnosis (11).

According to the emerging “cancer evolution and development” theory (12), cancer arises from the interplay between innate genetic factors and acquired environmental influences such as viral infections, which disrupt immune balance or function, leading to persistent, uncontrollable inflammation. Within this inflammatory immune microenvironment, a small subset of “driver variant” cells that control cell proliferation, differentiation, and apoptosis, and promote tumorigenesis, are selected and expand. These cells gradually evolve into tumor-initiating cells with stem cell-like properties. This theory underscores that in an inflammatory microenvironment, cells undergo an evolutionary process of “variation - selection - adaptation,” ultimately leading to cancer. Cell senescence and pyroptosis are two crucial biological processes involved in tumor inflammation. Cell senescence, characterized by stable cell cycle arrest, can inhibit tumor growth by halting the proliferation of damaged cells (13). However, senescent cells may also create a pro-inflammatory microenvironment that fosters tumorigenesis (14). Pyroptosis, a form of programmed cell death characterized by an inflammatory reaction, can either inhibit or promote tumor growth depending on the surrounding environment (15). An intricate balance between these processes and their influence on cancer development and progression has been noted in various cancers (16); however, their role in LIHC remains underexplored.

Currently, diagnosing LIHC using alpha-fetoprotein combined with abdominal ultrasound screening does not allow for early analysis and diagnosis, and does not fully meet clinical diagnostic needs. To address this, our study employed a variety of bioinformatics analysis techniques, integrating multiple datasets, to comprehensively investigate the relationship between senescent cells and pyroptosis in LIHC. The aim was to develop a predictive risk model based on cellular senescence- and pyroptosis-related differentially expressed genes (CS&PRDEGs) and to determine novel tumor markers to enhance and supplement existing screening strategies. This approach aimed to improve the prognostic capability of patients with liver cancer and explore the biological functions and potential mechanisms of these genes in LIHC.




2 Materials and methods



2.1 Data

LIHC data were acquired from The Cancer Genome Atlas (TCGA) using the R package TCGAbiolinks (Version 2.30.0) (17). After removing samples without clinical information, sequencing data in count format for 373 LIHC samples, along with their survival outcomes and times, and 50 normal samples were collected. Data were standardized to fragments per kilobase per million (FPKM). Data for clinical studies were collected from the UCSC Xena database (18) (https://xena.ucsc.edu/). For more detailed information, please refer to Table 1.

Table 1 | Baseline table with TCGA-LIHC patients characteristics.


[image: Table displaying characteristics of a study on liver hepatocellular carcinoma with 373 participants. Age distribution: 47.5% are sixty or younger, 52.5% are older than sixty. Gender distribution: 32.4% female, 67.6% male. Cancer stage distribution: Stage I 49.6%, Stage II 24.6%, Stage III 24.4%, Stage IV 1.4%. Data source: TCGA, The Cancer Genome Atlas; LIHC.]
The LIHC datasets GSE84402 (19) and GSE46408 (20) were retrieved from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/) using the R package GEOquery  (Version 2.70.0) (21). Both datasets originated from human liver tissue, these datasets encompass gene expression profiles for both LIHC and normal samples. Upon downloading, the data undergo an initial quality control check to ensure the absence of missing values and proper formatting for subsequent analysis. The microarray platforms used were GPL570 for GSE84402 and GPL4133 for GSE46408. Detailed information is presented in Table 2. The GSE84402 dataset included 14 LIHC and 14 normal samples, whereas the GSE46408 dataset included 6 LIHC and 6 normal samples. This study included all the LIHC and normal samples from these datasets.

Table 2 | GEO Microarray Chip Information.


[image: Comparison table of two datasets, GSE84402 and GSE46408. Both use platforms GPL570 and GPL4133 respectively and are array types with Homo sapiens liver tissue. GSE84402 has 14 LIHC and 14 normal group samples. GSE46408 has 6 LIHC and 6 normal group samples. References are PMID: 28810927 and PMID: 23922981. GEO, Gene Expression Omnibus.]
We collected cellular senescence-related genes (CSRGs) and cell aging-related genes from the GeneCards database (22) (https://www.genecards.org/) and relevant published literature. Employing “cellular senescence” as the search keyword, we filtered for genes related to cellular senescence with “protein coding” status and a “relevance score > 0.” This search yielded 3575 CSRGs. Similarly, using the same keyword in the PubMed database (https://pubmed.ncbi.nlm.nih.gov/), we identified 279 cell senescence genes in the published literature (23). After merging datasets and eliminating duplicates, we identified a total of 3609 CSRGs. Supplementary Table S1 provides detailed information.

Pyroptosis-related genes (PRGs) were obtained from the GeneCards database and published literature. By employing the term “pyroptosis” and applying a filter for “protein coding” genes that had a “relevance score > 0,” we identified 502 genes associated with pyroptosis. Furthermore, a keyword search for “pyroptosis” in PubMed yielded 33 genes (24). After consolidating and removing duplicates, we identified 510 PRGs. Detailed information is provided in Supplementary Table S2. The intersection of CSRGs and PRGs revealed 311 genes common to both categories; further details are available in Supplementary Table S3.

To correct for batch effects, the GSE84402 and GSE46408 datasets were processed utilizing the ComBat function from the sva package in R (Version 3.5.0) (25). The function corrects for both known and unknown batch effects within the datasets, enhancing data integration from diverse experimental conditions or time points, resulting in a combined GEO dataset of 20 LIHC samples and 20 normal samples. While the SVA approach significantly reduces batch effects, some systematic biases may remain. To further minimize these influences and ensure accuracy and reliability, we will implement multiple validation strategies and optimize data integration methods. The R package limma (Version 3.58.1) (26) standardizes the integrated GEO dataset, mapping gene probes to their corresponding genes based on the latest annotation for biological relevance. Normalization is performed to ensure comparability of expression intensities across samples, reducing technical variability. Principal component analysis (PCA) (27) is conducted on expression matrices before and after batch effect correction to evaluate the adjustments’ effectiveness, allowing visualization of clustering and differences between samples in 2D or 3D plots.




2.2 Differentially expressed genes associated with cellular senescence and pyroptosis in hepatocellular carcinoma

In the hepatocellular carcinoma dataset (TCGA-LIHC), samples were categorized into two groups: LIHC and normal. The R package DESeq2  (Version 1.42.0)was used to compare the two groups. Genes exhibiting differential expression (DEGs) were identified using |logFC| > 1 and adjusted to p < 0.05. Genes with logFC > 1 and adjusted p < 0.05 were recognized to have increased expression, whereas those with logFC < -1 and adjusted p < 0.05 were classified as downregulated. The p-value was adjusted using the Benjamini-Hochberg method. The results of the variable expression analysis are depicted using a volcano plot constructed using the R package ggplot2 (Version: 3.4.4).

To identify cellular senescence- and pyroptosis-related differentially expressed genes (CSR&PRDEGs) in hepatocellular carcinoma, variance analysis was performed on all DEGs that complied with the standards of |logFC| > 1 and were adjusted to p < 0.05. By intersecting these with CSRGs and PRGs, we mapped a Venn diagram to identify genes with altered expression associated with both cellular senescence and cell pyroptosis (CSR&PRDEGs).




2.3 Creation of a prognostic risk model for hepatocellular carcinoma

To create a risk prediction model for the TCGA-LIHC dataset, we employed the R package glmnet (Version 4.1-8) (28) to performed least absolute shrinkage and selection operator (LASSO) regression analysis. This examination was used for the CSR&PRDEGs identified through univariate Cox regression, utilizing the “Cox” family parameter and conducting 5-fold cross-validation with 10 iterations. LASSO regression improves linear regression by incorporating a penalty term (lambda × absolute value of the coefficient), which helps decrease model overfitting and increases the generalizability of the model. In this study, we optimized the hyperparameter lambda of the LASSO regression model using a 5-fold cross-validation technique to ensure robustness. Each fold involved evaluating multiple candidate lambda values and recording performance metrics, allowing us to select the optimal lambda that maximizes model performance. We further employed tenfold repeated cross-validation to enhance the reliability of the validation outcomes. Additionally, we generated LASSO model plots and variable trajectories to visualize the model selection process, providing clearer insights into model and feature dependencies. The outcomes of the LASSO regression were depicted in a prognostic risk model diagram and variable trajectory plot, facilitating the identification of genes relevant to the risk prediction framework. Subsequently, the LASSO risk score was calculated as follows:

[image: Formula for calculating risk score shown: Sum of the coefficient of each gene multiplied by the mRNA expression of the corresponding gene.]	

Next, samples of LIHC from TCGA-LIHC dataset were grouped into high- and low-risk groups based on the median LASSO risk score obtained from the risk prediction model.




2.4 Prognostic analysis and validation of hepatocellular carcinoma prognostic risk model

To assess variations in overall survival (OS) between the high- and low-risk groups of LIHC samples from TCGA-LIHC dataset, Kaplan–Meier (KM) curve analysis was performed using the R package survival  (Version 3.5-7) (29). The Kaplan–Meier curves were constructed based on the LASSO risk score. We processed all included samples with censored data to ensure accurate recording of the survival time and status for all patients. Patients who did not reach the event endpoint during follow-up were categorized as having censored data. We refrained from interpolating survival times to preserve the integrity and authenticity of the data. To ensure the accuracy and reliability of our analysis, we utilized survival data associated with the LASSO risk score. During the analysis, we screened all samples with complete clinical information, including only those patients with documented survival outcomes and survival times. This approach minimizes potential bias and ensures the validity of our Kaplan-Meier analysis. Furthermore, time-dependent ROC curve analysis (30) was employed to assess the model performance, identify the optimal model, and determine the best threshold. The timeROC R package (Version 0.4) was used to generate time-dependent ROC curves and compute the area under the ROC curve (AUC). This analysis utilized the LASSO risk score and OS data to predict 1-year survival rates for the LIHC samples, as well as survival outcomes for 3- and 5-years. The AUC value varies between 0.5 and 1, where a higher AUC suggests better diagnostic performance. An AUC above 0.5 signifies some predictive ability; values ranging from 0.5 to 0.7 suggest low precision, those between 0.7 and 0.9 signify moderate accuracy, and values exceeding 0.9 denote high accuracy.

To investigate the relationship between the risk Score and prognosis, and to assess its prognostic value, univariate and multivariate Cox regression examinations were conducted using variables such as risk score, sex, age, and clinical stage from the LASSO model. The findings of these analyses were depicted using a forest plot. Furthermore, we developed a nomogram (31), which is a graphical tool that represents the influence of multiple independent factors, using a set of disconnected line segments on a rectangular coordinate system. Employing the R package rms (Version 6.7-1), we constructed a nomogram based on multivariate Cox regression results to illustrate the connection between the risk score and clinical variables, offering predictions for survival outcomes at 1-, 3-, and 5-years.

To evaluate the model’s prediction precision, we employed a calibration curve to compare the predicted probabilities with the actual outcomes under various conditions. Calibration was performed to assess the precision and reliability of the prognostic risk model that integrated the LASSO risk score and clinical data. Decision curve analysis (DCA) is a simple technique used to evaluate clinical prediction models, diagnostic tests, and molecular markers. We used the R package ggDCA (Version 1.1) to generate a DCA plot based on the nomogram, evaluating the precision and discriminative power of the prognostic risk model for forecasting survival outcomes at 1-, 3-, and 5-years for LIHC.




2.5 Gene ontology and pathway enrichment analysis

Gene Ontology (GO) analysis (https://www.geneontology.org/) (32) is widely utilized for functional enrichment studies and encompasses categories such as biological processes, cellular components, and molecular functions. The Kyoto Encyclopedia of Genes and Genomes (KEGG) (https://www.genome.jp/kegg/) (33) provides a comprehensive database of genomic data, biological pathways, diseases, and drugs. In this study, the R package clusterProfiler (34) was used to conduct GO and KEGG pathway enrichment analyses of the genes within the risk prediction model. Statistical significance was determined using an adjusted p-value threshold of less than 0.05 and a false discovery rate (FDR) threshold of less than 0.25. The Benjamini-Hochberg procedure was employed for p-value adjustment.




2.6 Gene set enrichment analysis for high- and low-risk groups

In the TCGA-LIHC dataset, samples were classified into high- and low-risk groups based on the median LASSO risk scores. Gene set enrichment analysis (GSEA) was performed utilizing the R package `clusterProfiler`(Version 4.10.0) on all genes within these LIHC samples. For GSEA, the analysis parameters included setting a random seed of 2023, with a range of ten five 500 genes within each gene set. The Molecular Signatures Database (MSigDB) was accessed for C2 gene sets, specifically the cp.all.V2022.1.Hs.symbols.gmt dataset, encompassing all canonical pathways (3050 sets). GSEA findings were deemed significant if the adjusted p-value was < 0.05, and the false discovery rate was < 0.25, with p-value adjustment performed using the Benjamini-Hochberg method.




2.7 Gene set variation analysis for high- and low-risk groups

Gene set variation analysis (GSVA) (35) is a nonparametric, unsupervised technique that evaluates gene set enrichment by transforming individual gene expression matrices across samples into matrices representing gene sets. This method determines whether specific pathways are significantly enriched in various samples. In this study, gene sets were obtained from the MSigDB database, specifically the h.all.v2023.2.hs.symbols.gmt file. GSVA was performed on the TCGA-LIHC dataset to investigate gene mutations and variations in functional enrichment analysis, contrasting groups with high and low risks. Significant findings were identified with an adjusted p-value of < 0.05, and p-values were adjusted using the Benjamini-Hochberg method.




2.8 Protein interaction network and gene expression differences

The protein-protein interaction (PPI) network comprises proteins that engage with each other, affecting different biological activities, such as gene regulation, metabolism, signaling, and cell cycle control. Studying these interactions is essential for comprehending how proteins operate within biological systems, contribute to signaling pathways, and influence cellular functions and metabolism, particularly under disease conditions. The STRING database (36) (https://string-db.org/) provides information on recognized and predicted interactions between proteins. In this study, we used the STRING database to analyze interactions involving genes from a prognostic risk model. To build the PPI network related to these genes, We selected a minimum interaction coefficient threshold of greater than 0.150, which corresponds to a low confidence level. This network aids in the identification of molecular complexes with specific biological functions based on tightly connected regions. Genes exhibiting significant interactions in the PPI network were selected for further analysis.

To evaluate the variations in gene expression of prognostic risk model genes between the LIHC and normal groups, we used the Mann–Whitney U test. We generated comparison charts to depict the expression levels of these genes within the TCGA-LIHC dataset and across the combined datasets.




2.9 Quantitative real-time reverse transcription polymerase chain reaction analysis

Peripheral blood samples were obtained from six patients with LIHC and six healthy controls from the Inner Mongolia Hospital of Traditional Chinese Medicine. The inclusion criteria required that patients meet the latest guidelines of the US National Comprehensive Cancer Network for Hepatobiliary Tumors, Version 2.2021 (specifically for liver cancer), excluding patients with metastatic liver cancer. Healthy volunteers without cognitive impairments were included in the control group. Informed consent was obtained from all participants, and the study was approved by the Medical Ethics Committee of Inner Mongolia Medical University (Approval No.: YKD202402165). RNA was extracted from peripheral blood samples using the TRIzol reagent (G3013, SERVICEBIO, CHINA). RNA quality and integrity were thoroughly assessed before qPCR experiments. Purity was evaluated by measuring the absorbance at 260 nm and 280 nm using a spectrophotometer, resulting in an A260/A280 ratio of 1.8 to 2.0, indicating high purity, and an A260/A230 ratio exceeding 2.0, confirming minimal contamination. Integrity was confirmed through agarose gel electrophoresis, showing distinct 28S and 18S rRNA bands with a brightness ratio of approximately 2:1, indicative of intact RNA. The 5S rRNA band was visible but less prominent, with all bands appearing sharp and free from smearing. Total RNA content and purity were measured, and cDNA was generated using a commercial reverse transcription kit (G3337, SERVICEBIO, CHINA). Real-time quantitative polymerase chain reaction (PCR) amplification was conducted in a 50 µL reaction system using the SYBR Premixed Ex Taq kit (G3326, SERVICEBIO, CHINA). β-actin served as the endogenous control gene. Relative mRNA levels were assessed utilizing the 2^(-ΔCT) method. The efficiency of all primer pairs was evaluated using the standard curve method, and each primer pair exhibited an efficiency within the optimal range of 90% to 110%. Additionally, melt curve analysis of all amplified products revealed a single peak, indicating high primer specificity and the absence of primer-dimer formation and non-specific amplification. The primer sequences are listed in Supplementary Table S4.




2.10 Statistical analysis

Data processing and analysis were performed using R software (version 4.3.0; R Project for Statistical Computing, Vienna, Austria). The independent Student’s t-test was used to compare continuous variables in the two groups when the variables followed a normal distribution, unless otherwise specified. For variables that did not follow a Gaussian distribution, the Mann–Whitney U test was conducted. The Kruskal–Wallis test was used to compare three or more groups. Spearman’s correlation analysis was conducted to determine the correlation coefficients between the various molecules. Unless otherwise indicated, statistical significance was evaluated using two-sided p-values, with p-value < 0.05 deemed significant.





3 Results



3.1 Technology roadmap

The technology roadmap is shown in Figure 1.

[image: Flowchart illustrating a research analysis process involving differential analysis of TCGA-LIHC datasets. The process includes steps such as DEGs analysis, enrichment analysis with GO and KEGG, LASSO for model gene selection, and clinical data use for prognostic risk modeling. Further steps involve GSEA and GSVA for risk comparison, PPI network analysis, and expression difference validation using qPCR with listed genes. The flowchart displays connections and decision nodes for a detailed breakdown of the methodology.]
Figure 1 | Flow chart for the comprehensive analysis of cellular senescence-related and pyroptosis-related differentially expressed genes. TCGA, The Cancer Genome Atlas; LIHC, liver hepatocellular carcinoma; DEGs, differentially expressed genes; CSR&PRG, cellular senescence-related and pyroptosis-related genes; CSR&PRDEG, cellular senescence-related and pyroptosis-related differentially expressed genes; LASSO, least absolute shrinkage and selection operator; GSEA, gene set enrichment analysis; GSVA, gene set variation analysis; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; qPCR, quantitative polymerase chain reaction.




3.2 Merging of hepatocellular carcinoma datasets

Initially, batch effects were removed from the GSE84402 and GSE46408 datasets using the R package sva, resulting in the combined GEO dataset. The distribution boxplot (Figures 2A, B) was first used to compare the expression values of the datasets before and after the removal of batch effects. Subsequently, a PCA plot (Figures 2C, D) was used to assess the distribution of the low-dimensional features before and after batch impact removal. The distribution boxplot and PCA plot results indicated that the batch impact in the hepatocellular carcinoma data collection was substantially minimized after its elimination.

[image: Boxplots and PCA plots show data from two gene expression datasets, GSE84402 and GSE46408, before and after normalization. Panels A and B display boxplots indicating expression levels. Panels C and D show PCA plots; ellipses represent confidence intervals, with improved clustering after normalization.]
Figure 2 | Removal of batch effects for GSE84402 and GSE46408. (A) Box plot of combined GEO datasets distribution before batch removal. (B) Post-batch integrated GEO datasets (combined dataset) distribution boxplots. (C) 2D PCA plot of the datasets before debatching. (D) 2D PCA plots of combined GEO dataset after debatching. PCA, principal component analysis. The hepatocellular carcinoma dataset GSE84402 is green, and the hepatocellular carcinoma dataset GSE46408 is blue.




3.3 Differentially expressed genes related to cell senescence and pyroptosis in hepatocellular carcinoma

The TCGA-LLIHC was divided into LIHC and normal groups. To assess variations in gene expression between these groups within the TCGA-LIHC dataset, differential analysis was conducted using the R package DESeq2.DESeq2 employs a model grounded in the negative binomial distribution, which is well-suited to the count-based structure of sequencing data. It also incorporates size factor normalization to adjust for sequencing depth, thereby ensuring robust and reliable analysis results. This analysis revealed the DEGs between the two groups. The findings showed that in the TCGA-LIHC dataset, 3659 genes complied with |logFC| > 1 and adjusted (adj.) p < 0.05. Within this set of genes, 2,656 were upregulated (logFC > 1 and adj. p < 0.05), whereas 1,003 were downregulated (logFC < -1 and adj. p < 0.05), as shown in the volcano plot (Figure 3A).

[image: Chart A displays a volcano plot with points in blue, gray, and red representing downregulated, unchanged, and upregulated genes, respectively. Chart B is a Venn diagram illustrating the overlap among CSRGs, PRGs, and DEGs, with numbers indicating shared elements. Chart C presents a heatmap comparing gene expression levels between normal and LIHC groups, with colors ranging from blue to red for low to high expression.]
Figure 3 | Differential gene expression analysis. (A) Volcano plot of gene expression analysis between the LIHC and normal groups in the TCGA-LIHC dataset. (B) DEGs and Venn diagrams of CSRGs and PRGs in the TCGA-LIHC dataset. (C) Heat map of CSR&PRDEGs in the dataset TCGA-LIHC dataset. TCGA, The Cancer Genome Atlas; LIHC, liver hepatocellular carcinoma; DEGs, differentially expressed genes; CSRGs, cellular senescence-related genes; PRGs, pyroptosis-related genes; CSR&PRDEGs, cellular senescence-related and pyroptosis-related differentially expressed genes. Yellow, LIHC group; grey, normal group. In the heat map, red represents high expression and blue represents low expression, and the depth of the color represents the degree of expression.

To identify CSR&PRDEGs, an intersection was performed between DEGs (|logFC| > 1 and adj. p < 0.05), CSRGs, and PRGs. This intersection resulted in 68 DEGs found in both cell senescence and pyroptosis, as detailed in Supplementary Table S5 and illustrated in Figure 3B. The differences in the expression of these CSR&PRDEGs between various sample groups in the TCGA-LIHC dataset were further analyzed, and a heatmap was developed using the R package pheatmap to display the findings (Figure 3C).




3.4 Creation of a prognostic risk model for hepatocellular carcinoma

To create the LIHC prognostic risk model, 68 CSR&PRDEGs were utilized in a LASSO regression analysis. The analysis was visualized by creating a LASSO regression model map (Figure 4A) and a LASSO variable trajectory map (Figure 4B). The results indicated that the LASSO regression model included six prognostic risk model genes: ANXA2, APOA1, EZH2, IGF2BP3, SQSTM1, and TNFRSF11B. The LASSO risk score was determined by employing the specified formula.

[image: Formula for Risk Score calculation: ANXA2 multiplied by 0.0548, plus APOA1 multiplied by negative 0.0014, plus EZH2 multiplied by 0.3410, plus IGF2BP3 multiplied by 0.0023, plus SQSTM1 multiplied by 0.0879, plus TNFRSF11B multiplied by 0.0299.]	

[image: Graph A shows a plot of coefficients against the fraction deviance explained, with multiple colored lines representing different models. Graph B is a plot of partial likelihood deviance against log lambda, depicted by red dots with error bars showing the deviance pattern decreasing and then stabilizing.]
Figure 4 | LASSO regression analysis. (A, B) Plots of prognostic risk model (A) and variable trajectories (B) of the LASSO regression model. LASSO, least absolute shrinkage and selection operator. (A) illustrates the variation of individual gene coefficients in the LASSO (Least Absolute Shrinkage and Selection Operator) regression analysis. The x-axis represents the Fraction of Deviance Explained, while the y-axis displays the Coefficients for each gene. Distinctly colored lines denote different gene coefficients. As the LASSO process progresses, most gene coefficients gradually diminish to zero, facilitating the selection of significant genes. In this figure, it is evident that as the penalty parameter λ increases (from left to right), the coefficients of certain genes approach zero, indicating their decreasing importance to the model. Ultimately, the retained genes will be utilized to construct prognostic risk models, which are crucial for subsequent analyses. (B) presents another critical outcome of the LASSO regression analysis, specifically the relationship between Partial Likelihood Deviance and the penalty parameter λ. The x-axis denotes the Log λ value, while the y-axis indicates the Partial Likelihood Deviance. Red dots represent the deviance for each λ value, and gray vertical lines illustrate the corresponding standard error ranges. It can be observed that as the λ value increases, the partial likelihood deviance decreases, suggesting an improvement in model fit. Additionally, there is a notable inflection point, indicating that at this λ value, the model complexity and predictive power achieve an optimal balance. Selecting an appropriate λ value is essential for establishing the optimal model. Based on information criteria, we can determine the best λ value to finalize gene retention.

Subsequently, LIHC samples from the TCGA-LIHC dataset were classified into high-risk and low-risk groups according to the median LASSO risk score.




3.5 Prognostic analysis and validation of a hepatocellular carcinoma prognostic risk model

We created time-dependent ROC curves (Figure 5A) for LIHC samples from the TCGA-LIHC dataset at 1-, 3-, and 5-year intervals. The findings demonstrated that the LASSO risk score exhibited significant accuracy in predicting prognosis, with the highest predictive performance observed in the first year (AUC = 0.762). Additionally, to assess the diagnostic value of the LASSO risk score for OS, Kaplan–Meier survival analysis was performed using the R package survival, and Kaplan–Meier curves were generated according to the LASSO risk score (Figure 5B). The analysis demonstrated a statistically significant variation in OS between the high- and low-risk groups of LIHC samples from the TCGA-LIHC dataset (p < 0.05).

[image: A composite image of medical data visualizations:  A) ROC curve comparing sensitivity and specificity for 1, 3, and 5 years with AUC values. B) Kaplan-Meier survival plot showing high and low-risk groups with significant P-value. C) Univariable Cox regression analysis table with hazard ratios and P-values. D) Multivariable Cox regression analysis with a forest plot for different stages. E) Nomogram for predicting 1, 2, and 3-year survival probabilities. F-H) Calibration plots for predicting 1, 3, and 5-year overall survival, showing agreement between actual and predicted probabilities. I-K) Decision curve analysis plots for 1, 3, and 5-year risk thresholds, illustrating net benefit.]
Figure 5 | Prognostic model of TCGA-LIHC. (A) Time-dependent ROC curves at 1-, 3-, and 5-years for LASSO risk score. (B) Prognostic Kaplan–Meier curves between high and low LASSO risk score groups and OS of LIHC. There was a statistically significant difference in survival probability between the high-risk group (red line) and the low-risk group (blue line), indicating that the risk score plays a crucial role in predicting patient prognosis. At 1 year, the survival probability of the high-risk group was markedly lower than that of the low-risk group, demonstrating a substantial survival disparity. At 3 years, although survival remained lower in the high-risk group compared to the low-risk group, the survival gap appeared to have narrowed. By 5 years, this trend persisted: the survival probability in the high-risk group continued to be lower than in the low-risk group, suggesting differences in long-term prognosis. The hazard ratio (HR) was 0.42, indicating that the risk of mortality was 2.38 times higher in the high-risk group compared to the low-risk group. The p-value of less than 0.001 further confirmed that risk scores effectively differentiate survival outcomes between the two groups. (C) Forest plot of the univariate Cox regression model based on risk score, age, sex, and clinical stage. (D) Forest plot of the prognostic risk model of LIHC based on risk score and clinical stage by multivariate Cox regression analysis. (E) Nomogram of the prognostic risk model. (F-H) Calibration curves for 1-year (F), 3-years (G), and 5-years (H) of the prognostic risk model. In these curves, the horizontal axis indicates the survival probability anticipated by the framework and the vertical axis indicates the actual survival probability. A closer alignment of the predicted line with the ideal gray line reflects better prediction accuracy at that time point. I-K. DCA plot for 1-year (I), 3-years (J), and 5-years (K) of the prognostic risk model for LIHC. When the model’s line remains above the “All positive” and “All negative” lines within a particular span, a broader range signifies a higher net benefit and superior model performance. TCGA, The Cancer Genome Atlas; LIHC, liver hepatocellular carcinoma; OS, overall survival; KM, Kaplan–Meier; ROC, receiver operating characteristic; DCA, decision curve analysis. The area under the curve (AUC) has accuracy when between 0.7 and 0.9. Light blue represents the low-risk group and pink represents the high-risk group.

Univariate and multivariate Cox regression analyses were performed to assess the correlation between the LASSO risk score, clinical prognosis, and prognostic ability in LIHC samples of the TCGA-LIHC dataset. Initially, a univariate Cox regression analysis was performed using the LASSO risk score, age, sex, and grade variables. Variables yielding a p-value below 0.10 in the univariate analysis were incorporated into the multivariate Cox regression analysis, and the findings of these analyses were depicted using a forest plot. The findings (Figures 5C, D) demonstrated that both the risk score and clinical stage were significant in the univariate analysis (p < 0.10) and remained as independent prognostic factors in the subsequent multivariate Cox regression analysis. The comprehensive results from the univariate and multivariate Cox regression analyses are shown in Table 3.

Table 3 | Results of Univariable and Multivariable Cox Analysis for TCGA-LIHC Datasets.


[image: Table showing univariate and multivariate analysis of hazard ratios with ninety-five percent confidence intervals and P values for characteristics in liver hepatocellular carcinoma. Characteristics include age (≤60, >60), gender, cancer stage (I-IV), and risk score. Significant P values (<0.05) in the multivariate analysis are noted for Stage III, Stage IV, and Risk Score. Data derived from The Cancer Genome Atlas.]
To assess the prognostic value of the risk model for hepatocellular carcinoma more thoroughly, a nomogram was developed that included both the LASSO risk score and clinical stage variables (stage) to demonstrate their relationship (Figure 5E). The analysis revealed that the LASSO risk score offered substantially greater utility than clinical stage variables in the hepatocellular carcinoma prognostic risk model.

Furthermore, the calibration of the LIHC prognostic risk framework was evaluated at 1 year (Figure 5F), 3 years (Figure 5G), and 5 years (Figure 5H), with calibration curves created for each time point (Figures 5F–H). The results indicated that the time-dependent ROC curve AUC for 1 to 5 years ranged from 0.6 to 0.9, demonstrating the model’s accuracy in prognostic prediction, particularly at the 1-year mark. Decision Curve Analysis (DCA) assessed the clinical utility of the LIHC prognostic risk model at 1 year (Figure 5I), 3 years (Figure 5J), and 5 years (Figure 5K). The 3-year model’s decision curve consistently surpassed the “all positive” and “all negative” lines across a specific risk threshold range, indicating the largest area under the curve and higher net benefit compared to the 1-year and 5-year models. This suggests that the 3-year model offers superior clinical utility for LIHC prediction, with the ranking of predictive effectiveness being: 3 years, 1 year, and 5 years.




3.6 Gene ontology and pathway enrichment analysis

Through GO and KEGG enrichment analyses, we further explored the connection between biological processes, cellular component, molecular function, and biological pathways of the six prognostic risk model genes in LIHC. These six model genes were analyzed for GO and KEGG pathway enrichment, and the detailed findings are presented in Table 4. The analysis revealed that these genes were predominantly linked to biological processes, such as positive regulation of sterol transport, positive regulation of cholesterol transport, plasma lipoprotein particle clearance, and other processes related to sterol and cholesterol transport. They were also enriched in cellular components including P-bodies, cytoplasmic ribonucleoprotein granules, ribonucleoprotein granules, late endosomes, and Schmidt-Lanterman incisures. In relation to molecular function, these genes were involved in primary miRNA binding, binding of N6-methyladenosine-containing RNA, virion binding, phospholipase inhibitor activity, and high-density lipoprotein particle binding. Additionally, these genes were significantly present in the biological pathway of osteoclast differentiation. The findings from the GO and KEGG enrichment analyses are depicted using both a bubble plot and bar chart (Figures 6A, B).

Table 4 | Result of GO and KEGG Enrichment Analysis for CSR&PRDEGs.


[image: A table displaying gene ontology analysis results. Columns include Ontology (BP, CC, MF, KEGG), ID, Description, GeneRatio, BgRatio, p-value, p.adjust, and q-value. Descriptions involve biological processes, cellular components, and molecular functions, such as sterol transport and late endosome. GeneRatio and BgRatio are shown alongside statistical values p-value, p.adjust, and q-value, indicating significance levels for each entry. The bottom notes explain ontology abbreviations and their meanings.]
[image: Grouped data visualization with bar charts and network graphs showing biological processes, cellular components, molecular functions, and pathways. Panels A and B use bars and dots to depict ontologies and adjusted p-values, respectively. Panels C to F are network graphs illustrating terms such as positive regulation of cholesterol, virion binding, and osteoclast differentiation, with nodes representing size metrics.]
Figure 6 | GO and KEGG enrichment analysis for model genes. (A, B). The results of GO and KEGG pathway enrichment analysis of model genes are shown in the bar graph (A) and bubble plot (B). GO terms and KEGG terms are shown on the ordinate. (C-F) The network diagram of GO and KEGG pathway enrichment analysis results of model genes; BP (C), CC (D), MF (E) and KEGG (F). The brown nodes represent items, the gray nodes represent molecules, and the lines represent the relationship between items and molecules. These diagrams depict the relationships between molecules and their respective annotations, with larger nodes indicating entries that include a greater number of molecules. The bubble size in the bubble plot represents the number of genes, and the color of the bubble represents the size of the adj. p-value, the more red the color, the smaller the adj. p-value, and the more blue the color, the larger the adj. p-value. The screening criteria for GO and KEGG pathway enrichment analysis were adj. p < 0.05 and FDR value (q value) < 0.25 were considered statistically significant, with p value correction by the Benjamini-Hochberg method. CSR&PRDEGs, cellular senescence-related and pyroptosis-related differentially expressed genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological process; CC, cellular component; MF, molecular function; FDR, false discovery rate.

Additionally, network diagrams for biological processes, cellular components, molecular functions, and biological pathways were created based on the GO and KEGG enrichment analyses (Figures 6C–F).




3.7 Gene set enrichment analysis for high and low risk groups

GSEA was performed to evaluate the impact of gene expression levels on the stratification of LIHC into high-risk and low-risk groups. This analysis examined the relationship between the expression levels of all genes in LIHC samples and their related biological processes, cellular components, and molecular functions. The findings are depicted in a mountain plot (Figure 7A) and detailed in Table 5. The analysis identified significant enrichment of genes in LIHC samples in processes such as Prc2 methylation of histones and DNA (Figure 7B), TP53 regulates the transcription of genes involved in G1 cell cycle arrest (Figure 7C), canonical and noncanonical notch signaling (Figure 7D), and oxidative stress-induced senescence (Figure 7E), among other biological functions and signaling pathways.

[image: Graphs depict enrichment scores and ranks in an ordered dataset for various biological pathways. Panel A includes density plots for pathways such as oxidative stress induced senescence and TP53 regulation. Panels B to E are line plots illustrating enrichment scores, normalized enrichment scores (NES), adjusted p-values, and false discovery rates (FDR) for specific pathways: oxidative stress, Notch signaling, TP53 regulation, and PRC2 methylation.]
Figure 7 | Gene set enrichment analysis for TCGA-LIHC risk groups. (A) GSEA four biological function mountain plot display of LIHC samples from the TCGA-LIHC dataset. (B-E) GSEA shows that all genes were significantly enriched for Prc2 methylation of histones and DNA (B), TP53 regulates transcription of genes involved in G1 cell cycle arrest (C), canonical and noncanonical notch signaling (D), and oxidative stress-induced senescence (E). The screening criteria for GSEA were adj. p < 0.05 and FDR value (q value) < 0.25, with p value correction by the Benjamini-Hochberg method. TCGA, The Cancer Genome Atlas; LIHC, liver hepatocellular carcinoma; GSEA, gene set enrichment analysis; FDR, false discovery rate.

Table 5 | Results of GSEA for TCGA-LIHC Risk Group.


[image: A table displays gene set enrichment analysis results with columns for ID, set size, enrichment score, NES (normalized enrichment score), p-value, adjusted p-value, and q-value. The first row lists ID "PID_PLK1_PATHWAY" with values including 40 for set size and 0.78289 for enrichment score. The table includes various gene sets like "REACTOME_DNA_METHYLATION" and "REACTOME_UNWINDING_OF_DNA," each with corresponding numerical data. At the bottom, a note references GSEA, TCGA, and liver hepatocellular carcinoma.]



3.8 Gene set variation analysis for high- and low-risk groups

GSVA was conducted on all genes in the LIHC samples of the TCGA-LIHC dataset; detailed results are presented in Table 6. Positive enrichment pathways with adj. p < 0.05, the top 10 logFC rankings, and the top 10 negative enrichment pathways were identified. A heat map (Figure 8A) was used to visualize the altered gene expression of these 20 pathways in the high- and low-risk groups.

Table 6 | Results of GSVA for TCGA-LIHC Risk Groups.


[image: A table of gene set variation analysis (GSVA) results related to liver hepatocellular carcinoma (LIHC) showing various hallmarks. Columns include ID, logFC, AveExpr, t, P.Value, adj.P.Val, and B. Each row details specific hallmark pathways like coagulation, bile acid metabolism, and more with corresponding statistical values.]
[image: Two panels display gene expression data. Panel A is a clustered heatmap showing expression levels across various hallmark groups, with shades from blue to red indicating low to high expression. Panel B is a boxplot comparing GSVA scores between LowRisk and HighRisk groups for the same hallmarks, with red and blue colors differentiating the groups.]
Figure 8 | Gene set variation analysis for TCGA-LIHC risk groups. Heat map (A) and group comparison map (B) of GSVA results of the high-risk and low-risk groups of LIHC samples in the TCGA-LIHC dataset. TCGA, The Cancer Genome Atlas; LIHC, liver hepatocellular carcinoma; GSVA, gene set variation analysis. *** p value < 0.001. High-risk group, pink; low-risk group, light blue. Blue shows low enrichment and red shows high enrichment in the heat map. The screening criteria for GSVA was adj. p < 0.05, with p value correction by the Benjamini-Hochberg method.

The differences were further confirmed using the Mann–Whitney U test, and the results are illustrated in a comparative diagram for the groups (Figure 8B). GSVA revealed that several pathways, including Myc targets v2, Myc targets v1, DNA repair, E2F targets, PI3K-AKT-mTOR signaling, mitotic spindle, protein secretion, bile acid metabolism, oxidative phosphorylation, myogenesis, adipogenesis, and coagulation, demonstrated statistically significant disparities between the high- and low-risk groups (p < 0.05).




3.9 Protein interaction network construction and differential gene expression verification of the prognostic risk model

Initially, a PPI analysis was conducted, and the PPI network for the six prognostic risk model genes was constructed using the STRING database (Figure 9A). These findings demonstrate that the six model genes related to prognostic risk were ANXA2, APOA1, EZH2, IGF2BP3, SQSTM1, and TNFRSF11B.

[image: Diagram with three panels. Panel A shows a network of gene interactions involving IGF2BP3, EZH2, SQSTM1, TNFRSF11B, ANXA2, and APOA1. Panels B and C display box plots of gene expression levels for these genes. Panel B uses data from TCGA-LIHC, and Panel C combines datasets. Both panels compare normal and LIHC tissues, showing significant differences in expression.]
Figure 9 | Protein-protein interaction network and differential expression validation. (A) PPI network of prognostic risk model genes calculated from the STRING database. (B, C) Group comparison of expression difference of model genes in LIHC and normal groups in the TCGA-LIHC and combined datasets. TCGA, The Cancer Genome Atlas; LIHC, liver hepatocellular carcinoma; PPI, protein-protein interaction. ***p value < 0.001; **p value < 0.01; *p value < 0.05. In the group comparison plot, yellow represents the LIHC group and grey represents the normal group.

To explore the differences in the expression of prognostic risk model genes between the LIHC and normal groups within the TCGA-LIHC dataset and the combined dataset, group comparison plots were employed. The differential results (Figures 9B, C) revealed that the expression levels of the six genes in the prognostic risk framework between the LIHC and normal groups were statistically significant (p < 0.001). These genes included ANXA2, APOA1, EZH2, IGF2BP3, SQSTM1, and TNFRSF11B. Additionally, the expression levels of four prognostic risk model genes (ANXA2, APOA1, EZH2, and IGF2BP3) in the combined dataset of the LIHC and normal groups were significantly different (p < 0.001). The expression levels of TNFRSF11B in the combined dataset demonstrated a significant difference between the LIHC and normal groups (p < 0.01), whereas the expression of SQSTM1 in combined dataset was statistically significant (p < 0.05).




3.10 mRNA expression of ANXA2, APOA1, EZH2, IGF2BP3, SQSTM1, and TNFRSF11B

The ANXA2 expression levels (Figure 10A) were significantly lower in the LIHC group than in the control group (p < 0.01). In contrast, APOA1 (Figure 10B) showed markedly higher expression in the LIHC group than in the control group (p < 0.01). Similarly, EZH2 (Figure 10C) showed substantially elevated expression in the LIHC group relative to that in the control group (p < 0.05). Although IGF2BP3 (Figure 10D) exhibited higher expression levels in the LIHC group compared to the control group, the difference was not statistically significant. The expression of SQSTM1 (Figure 10E) was substantially higher in the LIHC group than the control group (p < 0.05). Finally, the expression of TNFRSF11B (Figure 10F) was significantly elevated in the LIHC group compared to the control group (p < 0.01).

[image: Bar charts comparing gene expression levels between control and LIHC samples. Chart A shows ANXA2 expression, higher in control. B presents APOA1, higher in control. C visualizes EZH2, higher in control. D shows IGF2BP3, higher in control, marked as not significant. E illustrates SQSTM1, higher in control. F depicts TNFRSF11B, higher in control. Significant differences noted with asterisks.]
Figure 10 | The relative expression levels of ANXA2 (A), APOA1 (B), EZH2 (C), IGF2BP3 (D), SQSTM1 (E) and TNFRSF11B (F), in control and LIHC samples identified by RT-PCR. Actin was used as a reference. RT-PCR, reverse transcription polymerase chain reaction. **p value < 0.01; *p value < 0.05; NS non-significant.





4 Discussion

LIHC is a common cancer that has a significant impact on morbidity and mortality (37). The high mortality rate associated with LIHC primarily stems from its late diagnosis and the scarcity of effective treatment options, highlighting the urgent need for novel diagnostic and therapeutic strategies (38). The progression of LIHC is influenced by numerous genetic and environmental factors (39, 40). Chronic inflammation underpins cancer initiation and progression (41–43). Chronic inflammation is closely linked to cell senescence and pyroptosis (44, 45) and can precipitate tumor formation. Thus, elucidating the molecular mechanisms of LIHC through cell senescence and pyroptosis is crucial for its early detection, effective treatment, and enhanced patient outcomes. However, the research in this field is limited.

Given the pressing need to enhance diagnostic and therapeutic strategies for LIHC, our research focused on genes linked to inflammatory cell senescence and pyroptosis, identifying potential markers for early diagnosis and treatment and developing prognostic models. Biomarkers hold significant potential in clinical applications. First, the six model genes identified through LASSO regression (ANXA2, APOA1, EZH2, IGF2BP3, SQSTM1, TNFRSF11B) demonstrate robust prognostic capabilities. Evaluating the correlation between the LASSO Risk Score and patient survival can help clinicians identify high-risk patients and personalize treatment plans. Second, these genes are closely associated with the onset and progression of hepatocellular carcinoma, making them promising candidates for early diagnosis and disease monitoring. Assessing their expression levels can aid in determining disease severity and guiding therapeutic decisions. Third, investigating the molecular mechanisms of these genes can identify novel therapeutic targets. For example, understanding EZH2’s role in cell proliferation and tumor progression may lead to specific inhibitors targeting this gene. Finally, leveraging risk scores from these model genes facilitates personalized clinical management. Patients in different risk categories may require distinct follow-up frequencies and treatment approaches, optimizing care and enhancing outcomes.

We found six key genes: ANXA2, APOA1, EZH2, IGF2BP3, SQSTM1, and TNFRSF11B. Kaplan–Meier survival analysis and ROC curves were used to evaluate the model’s predictive performance. The findings revealed a substantial variation in OS between the high- and low-risk groups (p < 0.05). The model demonstrated high accuracy in predicting survival at 1-year, 3-year, and 5-year intervals in patients with LIHC. The expression levels of these genes were significantly elevated in the peripheral blood of patients with LIHC compared to normal controls (p < 0.05). Functional enrichment analysis identified important biological pathways and processes associated with these genes, providing insights into the molecular mechanisms that drive LIHC progression. This study utilized multiple datasets to explore the gene-disease relationship from various perspectives, constructing a prognostic risk model based on CSR&PRDEGs to enhance prognostic accuracy for LIHC, and examining the biological functions and potential mechanisms of these genes in LIHC.

ANXA2 is a calcium-dependent membrane-binding protein involved in apoptosis, proliferation, and migration (46–48). In hepatocellular carcinoma (HCC), ANXA2 overexpression correlates with tumor aggressiveness and metastasis, influencing cancer progression by regulating the extracellular matrix and promoting tumor cell migration and invasion (49, 50). Additionally, ANXA2 interacts with inflammatory response and survival signaling pathways, contributing to the development of liver cancer (51, 52). Regarding pyroptosis, ANXA2 modulates the tumor microenvironment through the β-catenin signaling pathway, linked to pro-inflammatory factors. In cellular senescence, ANXA2 mediates responses to DNA damage and may affect the transformation of tumor cells into a drug-resistant state by regulating the regenerative potential of senescent cells. High ANXA2 expression is associated with poor prognosis in several cancers, underscoring its role in tumor escape mechanisms.

EZH2, an important epigenetic regulator, silences gene expression and is associated with HCC proliferation, migration, and drug resistance (53). By downregulating tumor suppressor genes, EZH2 enhances HCC malignancy and may serve as a potential therapeutic target. Additionally, EZH2 inhibits hepatocyte aging and promotes tumor cell survival, potentially facilitating tumor progression by modulating inflammatory responses. The interaction between ANXA2 and EZH2 in cellular senescence and pyroptosis merits further investigation, as ANXA2’s pro-inflammatory effects may influence tumor therapy responses.

SQSTM1, involved in autophagy and antioxidant response, is often overexpressed in HCC, contributing to tumor cell survival and proliferation (54). It plays a role in hepatocellular inflammation, oxidative stress, and metabolism by inhibiting apoptosis. TNFRSF11B is crucial in immune responses and tumorigenesis, influencing the tumor microenvironment through the RANK-RANKL signaling pathway, which promotes tumor cell proliferation and metastasis. Its expression correlates positively with HCC aggressiveness, likely due to interactions with local immune cells that suppress anti-tumor immunity. Although recognition of TNFRSF11B’s clinical significance is growing, research on it as a therapeutic target remains limited. Preliminary studies suggest that blocking TNFRSF11B signaling can enhance chemotherapy sensitivity and reduce recurrence rates in HCC. Therefore, exploring TNFRSF11B in HCC therapy, especially in combination with immunotherapies and targeted treatments, is critical. Studies on its role in other cancers, such as breast and lung cancer, provide insights supporting its evaluation in HCC, with inhibition in breast cancer models significantly delaying tumor growth and metastasis. Future research should focus on elucidating TNFRSF11B’s functional mechanisms in HCC and its therapeutic potential as a target.

Potential Value of Biomarkers in Clinical Applications: Prognostic Ability: Six model genes (ANXA2, APOA1, EZH2, IGF2BP3, SQSTM1, TNFRSF11B) identified through LASSO regression analysis exhibit robust prognostic capabilities. Evaluating the correlation between the LASSO Risk Score and patient survival outcomes can assist clinicians in identifying high-risk patients and subsequently personalizing treatment plans. Biomarker Development: The expression levels of these model genes are significantly associated with the onset and progression of hepatocellular carcinoma, making them potential biomarkers for early diagnosis and disease monitoring. Assessing these genes can aid in determining disease severity and guiding therapeutic decisions. Basis for Targeted Therapy: In-depth investigation into the molecular mechanisms of these prognostic model genes can facilitate the identification of novel targets and advance the development of targeted therapies for hepatocellular carcinoma. For instance, elucidating the role of EZH2 in cell proliferation and tumor progression may lead to the creation of inhibitors targeting this protein. Personalized Medicine: Leveraging the risk scores derived from these model genes enables personalized clinical management. Patients in varying risk categories may require different follow-up frequencies and treatment strategies, thereby optimizing patient care and enhancing treatment outcomes.

The enrichment analysis results of this study offer significant insights into the biological processes and pathways associated with prognostic risk model genes for LIHC. Through GO and KEGG enrichment analyses, we recognized that six prognostic risk model genes (ANXA2, APOA1, EZH2, IGF2BP3, SQSTM1, and TNFRSF11B) were strongly linked to various biological processes, cellular components, and molecular functions. Specifically, these genes are involved in critical processes such as positive regulation of sterol transport and P-body formation, both of which are vital for maintaining cellular homeostasis and responding to stress (55). Additionally, GSEA detected significant enrichment in various pathways such as PRC2-mediated histone and DNA methylation and TP53 regulation of G1 cell cycle arrest genes (56). The PRC2 complex plays a role in epigenetic regulation via histone methylation, which, in turn, influences gene expression and cell differentiation. The TP53 pathway is a well-established tumor suppressor that governs cell cycle arrest, apoptosis, and DNA repair, thereby preventing cancer progression (57). Furthermore, GSVA highlighted notable variations in pathways including MYC v2 and DNA repair between high- and low-risk groups. The MYC pathway is a key regulator of cellular growth and proliferation, and is frequently dysregulated in cancer, contributing to uncontrolled cell division and tumor development. DNA repair mechanisms are essential for preserving genomic integrity, and their disruption can lead to increased mutation rates and cancer (58). PPI network analysis demonstrated that these prognostic genes are interconnected and involved in immune regulation. For example, EZH2 suppresses T cell infiltration and function, thereby fostering an immunosuppressive tumor microenvironment (59). Similarly, TNFRSF11B modulates immune responses by interacting with the RANK/RANKL pathway, which is vital for dendritic and T cell function (60). The enrichment of these genes in immunomodulatory pathways, including the TP53 pathway and MYC targets, underscores their role in influencing immune responses in LIHC (61, 62). These interactions suggest a collaborative contribution of these genes to the prognostic model, highlighting their potential as therapeutic targets (63).

Cellular senescence is an irreversible state marked by loss of proliferative capacity and significant phenotypic changes, including the secretion of senescence-associated secretory phenotype (SASP) molecules, which impact the immune microenvironment in hepatocellular carcinoma (HCC) (44, 64). SASP components can recruit immune cells such as macrophages, T cells, and natural killer (NK) cells, promoting local inflammation and activating the immune response (65). However, the persistence of senescent cells may foster immune tolerance, allowing tumor cells to evade detection. Key aging-related genes like p16INK4a, p21CIP1/WAF1, and IL-6 are upregulated in HCC, stimulating cytokine release and influencing immune cell infiltration.

Pyroptosis, a form of inflammatory programmed cell death, also plays a critical role in HCC. It induces immune responses by releasing inflammatory factors like IL-1β and IL-18. While activation of pyroptosis-related genes (e.g., CASP1, GSDMD) enhances inflammation and attracts immune cells, it may paradoxically promote tumor progression by allowing HCC cells to escape immune surveillance through modulation of apoptosis-inducing factors (66, 67).

There exists a complex interplay between cellular senescence and pyroptosis, whereby senescent cells can stimulate pyroptosis, further exacerbating immunosuppression and diminishing the functionality of tumor-infiltrating immune cells, facilitating immune evasion. The MAPK/ERK pathway is crucial in this context, as it drives both senescence and pyroptosis, influencing HCC progression.

In hepatitis C virus (HCV) infections, cell senescence exacerbates liver damage and contributes to HCC development through inflammation, pyroptosis, and senescence mechanisms. Viral genotype and host genetic factors, particularly single nucleotide polymorphisms (SNPs), modulate the expression of genes like ANXA2 and SQSTM1, impacting immune escape and inflammation intensity.

In high-prevalence regions, targeted antiviral therapy for high-risk populations is essential. Monitoring key gene expressions can identify individuals at increased risk for HCC, laying the groundwork for precision medicine. Reducing viral load through antiviral treatment not only inhibits viral replication but also mitigates pyroptosis and senescence associated with chronic inflammation, lowering HCC incidence.

In summary, exploring the connections between HCV-induced inflammation, pyroptosis, cellular senescence, and the influence of viral genotypes and host genetic factors is vital for understanding HCC pathogenesis. This research will inform targeted antiviral therapies and risk monitoring strategies for high-risk populations.

Although this study presented promising results, several limitations must be considered. First, these findings are primarily derived from bioinformatic analyses and lack validation through comprehensive wet laboratory experiments. Additionally, the study does not integrate pathway-level correlations with clinical variables such as tumor stage or grade, which would provide deeper insights into the underlying biological mechanisms. Second, although the sample size was considerable, it may not fully represent the diversity within LIHC. Third, the lack of clinical validation restricts the immediate practical application of the prognostic risk model in clinical settings. Finally, combining the datasets from various sources introduces batch effects. In the future, we plan to undertake a series of comprehensive studies: 1. Mechanism Research: We will conduct an in-depth investigation into the biological functions and mechanisms of these model genes in hepatocellular carcinoma (HCC), focusing on the regulation of cell signaling pathways and the construction of interaction networks. This will help us determine their specific roles in cancer initiation and progression. 2. Large-Scale Clinical Validation: We aim to expand our sample size to include patients from diverse populations and disease stages, ensuring the applicability and generalizability of our model. Additionally, we will evaluate its performance across various clinical settings. 3. Integration with Other Clinical Factors: We will explore the combination of model genes with traditional clinical predictors (e.g., age, gender, clinical stage) to develop a more comprehensive prognostic model, thereby enhancing predictive accuracy. 4. Functional Studies: Using cell lines and animal models, we will investigate the functional roles of these genes in HCC, validate their significance in hepatocarcinogenesis, and assess their potential as therapeutic targets. 5. Drug Sensitivity Analysis: We will evaluate the sensitivity of different drugs related to the model genes, providing a foundation for targeted therapy in HCC. Furthermore, we will explore whether specific drugs can yield better treatment outcomes for high-risk patient groups.




5 Conclusion

The development and progression of hepatocellular carcinoma (HCC) are influenced by a multitude of mechanisms, including alterations in the tumor microenvironment, immune evasion, and modulation of cell signaling pathways. Research has demonstrated that the tumor microenvironment not only impacts tumor cell proliferation but also facilitates liver cancer progression by regulating local immune responses. The chronic inflammatory state within the liver can lead to immune cell dysfunction, thereby creating a conducive environment for cancer cell growth. Moreover, HCC cells can evade host immune surveillance through various mechanisms, leading to the suppression of T cell activity. These mechanisms interact in a complex and mutually reinforcing manner, collectively driving the development and progression of HCC. Comparative Analysis In our study, an analysis of 68 differentially expressed genes associated with cell senescence and pyroptosis (CSR&PRDEGs) revealed trends consistent with previous research. Notably, the expression levels of certain genes, such as ANXA2 and EZH2, were significantly elevated in HCC tumor tissues, further underscoring their importance in hepatocellular carcinoma development. Unlike other studies, we observed that the expression patterns of these immune-related genes may influence the characteristics of the tumor microenvironment, offering new insights into the pathogenesis of HCC. Relationship of Treatment Strategies Our findings suggest a potential new therapeutic target for hepatocellular carcinoma (HCC). Specifically, ANXA2 and EZH2 have been identified as key regulators in the proliferation and metastasis of liver cancer. Targeting these genes can enhance existing targeted therapies and immunotherapies. For instance, inhibiting EZH2 activity may restore immune cell function and improve the efficacy of immunotherapy for liver cancer. Moreover, the identification of novel biomarkers such as TNFRSF11B provides a foundation for assessing patient prognosis and developing personalized treatment strategies. Future Research Directions Based on our findings, future studies should delve into the specific roles of cell senescence and pyroptosis in HCC mechanisms. It is crucial to evaluate the clinical validation potential of proposed biomarkers in both immunotherapy and targeted therapy contexts. Additionally, clinical trials should be conducted in combination with other treatments to explore optimal treatment strategies.
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Background

Hepatic arterial infusion chemotherapy (HAIC) has emerged as a promising treatment for unresectable hepatocellular carcinoma (HCC). However, the safety profiles of HAIC and its various combination therapies remain to be systematically evaluated.





Methods

We systematically searched PubMed, Embase, Cochrane Library, and Web of Science databases from inception to November 2024. Studies reporting adverse events (AEs) of HAIC monotherapy or combination therapies in HCC were included. The severity and frequency of AEs were analyzed according to different treatment protocols.





Results

A total of 58 studies (11 prospective, 47 retrospective) were included. HAIC monotherapy demonstrated relatively mild toxicity, primarily affecting hepatobiliary (transaminase elevation 53.2%, hypoalbuminemia 57.2%) and hematological systems (anemia 43.0%, thrombocytopenia 35.2%). HAIC with targeted therapy showed increased adverse events, including characteristic reactions like hand-foot syndrome (48.0%) and hypertension (49.9%). HAIC combined with targeted, and immunotherapy exhibited the highest adverse reaction rates (neutropenia 82.9%, transaminase elevation 97.1%), while HAIC with anti-angiogenic and immunotherapy showed a relatively favorable safety profile. Prospective studies consistently reported higher incidence rates than retrospective studies, suggesting potential underreporting in clinical practice.





Conclusions

Different HAIC-based regimens exhibit distinct safety profiles requiring individualized management approaches. We propose a comprehensive framework for patient selection, monitoring strategies, and AE management. These recommendations aim to optimize treatment outcomes while minimizing adverse impacts on patient quality of life.
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1 Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignancies worldwide (1). In China, HCC not only maintains a high incidence rate but also shows a clear trend toward younger age groups, with new cases accounting for over 50% of the global total (2). Despite advances in diagnostic and therapeutic techniques, the prognosis remains poor (3, 4). While surgical resection represents the most effective curative treatment for HCC, only approximately 30% of patients are eligible for surgery, primarily due to advanced disease stage at diagnosis or insufficient liver function reserve (5). Hepatic arterial infusion chemotherapy (HAIC) enables high concentrations of chemotherapeutic agents in tumor tissues while reducing systemic exposure through arterial administration (6). This localized delivery strategy not only enhances local drug concentrations but also reduces systemic adverse reactions, making it an important option for treating unresectable HCC (7).

In recent years, with the continuous development of targeted therapy and immunotherapy, HAIC-based combination treatment strategies have become increasingly diverse (8). From HAIC monotherapy to HAIC combined with targeted therapy, and further to HAIC + targeted/anti-angiogenic + immunotherapy, the complexity and efficacy of treatment regimens have steadily improved (9–12). However, as combination therapy protocols expand, the spectrum of adverse reactions has changed significantly, presenting new safety challenges. In clinical practice, we have observed multi-system, multi-type adverse reactions, some of which may seriously affect patients’ treatment progress and prognosis. Currently, there is a lack of systematic review of the characteristics of adverse reactions and management strategies for HAIC and its combination therapies.

This review aims to summarize the characteristics of adverse reactions associated with HAIC and its various combination therapies through comprehensive analysis of existing research data and propose targeted management strategy recommendations. We hope that through this study, we can provide clinicians with more comprehensive guidance for adverse reaction management, thereby optimizing the safety of treatment protocols, developing individualized monitoring and prevention strategies, improving early recognition and management of adverse reactions, and ultimately optimizing treatment selection and adjustment to enhance patient benefits.




2 Methods



2.1 Literature search strategy

This study systematically searched relevant literature published in PubMed, Embase, Cochrane Library, and Web of Science databases from their inception until November 2024. The main search terms were: ((hepatic artery infusion chemotherapy [Title/Abstract]) OR (HAIC [Title/Abstract])) AND (hepatocellular carcinoma [Title/Abstract]). Additionally, to ensure search completeness, we supplemented with the strategy: ((“HAIC”) OR (“hepatic artery infusion”)) AND (“hepatocellular carcinoma” OR “liver cancer” OR “HCC”).




2.2 Literature selection

Inclusion criteria: (1) Clinical studies, including prospective and retrospective studies; (2) Study subjects were primary HCC patients; (3) Treatment protocols included HAIC monotherapy or combination therapy; (4) Complete adverse reaction data were reported; (5) Publications in English. Exclusion criteria: (1) Studies lacking adverse reaction data; (2) Duplicate publications; (3) Infusion protocols not based on oxaliplatin + 5-FU; (4) Sample size <5. For the systemic chemotherapy group, patients received FOLFOX4 regimen consisting of oxaliplatin 85 mg/m² administered intravenously (IV) on day 1, leucovorin (LV) 200 mg/m² IV infusion from hour 0 to 2 on days 1 and 2, followed by 5-fluorouracil (5-FU) 400 mg/m² IV bolus at hour 2, and then 5-FU 600 mg/m² as a 22-hour continuous IV infusion on days 1 and 2. This regimen was repeated every 2 weeks. For the HAIC group, treatment consisted of hepatic arterial infusion of oxaliplatin 85 mg/m², leucovorin 400 mg/m², and 5-fluorouracil 400 mg/m² as a bolus on day 1, followed by 5-fluorouracil 2400 mg/m² as a 24/46-hour continuous infusion. This regimen was administered every 3 weeks. All literature was independently screened by two researchers, with disagreements resolved through discussion.




2.3 Data extraction and organization

The following information was extracted from included studies: (1) Specific treatment protocols; (2) Incidence and grading of adverse reactions; (3) Management measures for adverse reactions. All adverse reactions were graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE), categorized as mild-to-moderate (Grade I-II) and severe (Grade III-IV).




2.4 Data analysis

Studies were classified into four categories based on treatment protocols: HAIC monotherapy, HAIC + targeted therapy, HAIC + targeted + immunotherapy, and HAIC + anti-angiogenic + immunotherapy. Adverse reactions were categorized by organ systems, including hematological (leukopenia, neutropenia, thrombocytopenia, anemia), hepatobiliary (transaminase elevation, bilirubin elevation, hypoalbuminemia), gastrointestinal (nausea, vomiting, diarrhea, abdominal pain), cardiovascular (hypertension), dermatological (hand-foot syndrome, rash), neurological (sensory neuropathy), and immune-related adverse reactions (RCCEP, hypothyroidism, immune hepatitis, etc.).




2.5 Statistical methods

Descriptive statistical methods were used, with adverse reaction rates expressed as median and range (minimum-maximum). The top 20 high-incidence adverse reactions were analyzed in detail, with stratified analysis by system classification and severity. Analysis focused on: (1) Main adverse reaction spectrum of each treatment protocol; (2) Identification of high-incidence adverse reactions; (3) Characteristics of severe adverse reactions; (4) Newly emerging characteristic adverse reactions; (5) Toxicity accumulation effects of combination therapy. R software (R 4.2.2) was used for visualization.





3 Results



3.1 Overall characteristics of adverse reactions

This study included 58 studies, comprising 11 prospective clinical (9–11, 13–20) studies and 47 retrospective clinical studies (12, 21–67). Adverse reactions primarily involved hematological, hepatobiliary, gastrointestinal, cardiovascular, dermatological, neurological systems, and immune-related reactions. Overall, hematological and hepatobiliary adverse reactions were most common, followed by gastrointestinal reactions. As treatment protocols became more complex, the spectrum of adverse reactions gradually expanded, with corresponding increases in characteristic adverse reactions.




3.2 Comparison between prospective and retrospective studies

Prospective clinical studies (11) and retrospective studies (47) showed consistency in adverse reaction distribution patterns, with similar rankings of major adverse reactions. In HAIC monotherapy, both types of studies showed hepatobiliary (transaminase elevation, hypoalbuminemia) and hematological (anemia, thrombocytopenia) adverse reactions as most common; in combination therapy protocols, both demonstrated characteristic adverse reactions (such as targeted therapy-related hand-foot syndrome, immunotherapy-related RCCEP). However, there were significant differences in adverse reaction incidence rates between the two types of studies.

Prospective studies generally reported higher incidence rates of adverse reactions compared to retrospective studies. Taking HAIC + targeted + immunotherapy as an example, neutropenia (82.9% vs 36.1%), thrombocytopenia (65.7% vs 30.8%), and transaminase elevation (97.1% vs 56.1%) all showed significant differences (Figure 1A). Differences in Grade III-IV adverse reactions were equally notable, such as neutropenia (34.3% vs 5.2%) and transaminase elevation (28.6% vs 6.3%) (Figure 1B). This difference in incidence rates, while maintaining relatively consistent distribution characteristics of adverse reactions, suggests that prospective studies may have obtained more complete safety data.

[image: Six radar charts displaying adverse event incidence rates are shown, comparing prospective and retrospective data. Chart set A highlights total incidence rates for different treatments: HAIC, HAIC with targeted therapy, HAIC with targeted plus immunotherapy, and HAIC with anti-angiogenic plus immunotherapy. Chart set B presents grade III-IV adverse events for the same treatment categories. Each chart features data points for various side effects, with prospective data in red and retrospective data in blue.]
Figure 1 | Comparison of adverse reaction rates between prospective and retrospective studies. (A) Radar chart comparing overall adverse reaction rates; (B) Radar chart comparing Grade III-IV adverse reaction rates.




3.3 Analysis of adverse reaction characteristics in different treatment protocols

Different treatment protocols showed unique distribution characteristics of adverse reactions through radar chart analysis, with the spectrum of adverse reactions gradually expanding and severity increasing from HAIC monotherapy to multi-drug combination therapy. Given that adverse reactions are more comprehensively documented in prospective clinical trials, we conducted comparative analyses of adverse events between HAIC-based regimens and various standard treatments including systemic chemotherapy (FOLFOX4), targeted therapy, targeted therapy + immunotherapy, and anti-angiogenic therapy + immunotherapy.



3.3.1 HAIC monotherapy

HAIC monotherapy demonstrated a relatively mild adverse reaction spectrum. Adverse reactions primarily involved hepatobiliary and hematological systems, showing a “dual-peak” distribution. Prospective studies revealed that hepatobiliary manifestations mainly included transaminase elevation (53.2%) and hypoalbuminemia (57.2%), while hematological manifestations primarily included anemia (43.0%) and thrombocytopenia (35.2%) (Figure 2A). Although retrospective studies showed lower incidence rates, the distribution characteristics were similar, with transaminase elevation (31.1%) and thrombocytopenia (14.1%) remaining the primary manifestations. Gastrointestinal reactions such as nausea (35.9%), vomiting (38.0%), and abdominal pain (47.0%), although not infrequent, were almost entirely mild to moderate, with good overall patient tolerability (Figure 2B). Grade III-IV adverse reactions showed a “low-level dispersed” distribution, with only transaminase elevation reaching 14.5%, while others remained below 10% (Figures 2C, D).
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Figure 2 | Comparison of adverse reaction rates across HAIC and its combination therapies. (A) Overall incidence rates - prospective studies (B) Overall incidence rates - retrospective studies. (C) Grade III-IV adverse reaction rates - prospective studies (D) Grade III-IV adverse reaction rates - retrospective studies.

Compared to intravenous chemotherapy, HAIC demonstrated a milder adverse reaction profile with better tolerability (68, 69). While intravenous chemotherapy (FOLFOX4) showed higher incidences of hematological toxicity, including neutropenia (59.02%) and thrombocytopenia (60.66%), HAIC primarily involved hepatobiliary toxicity, such as transaminase elevation (53.2%) and hypoalbuminemia (57.2%). Notably, HAIC had significantly fewer Grade III-IV adverse reactions, with transaminase elevation at 14.5% as the most common, while severe hematological toxicities were rare (e.g., neutropenia 3.4%). In contrast, FOLFOX4 demonstrated a markedly higher rate of severe adverse reactions, particularly neutropenia (30.6%) and thrombocytopenia (7.65%), highlighting its stronger bone marrow suppressive effects (Figure 3A).

[image: Four radar charts compare adverse events across different treatments. Chart A shows HAIC vs FOLFOX4, chart B shows HAIC+Target vs Target, chart C shows HAIC+Target+Immune vs Target+Immune, and chart D shows HAIC+anti-angiogenic+Immune vs anti-angiogenic+Immune. Each chart plots adverse events like anemia and leukopenia, with red and blue lines representing different treatment groups. The charts provide visual comparisons of total incidence rates and Grade III-IV adverse event rates.]
Figure 3 | Comparison of adverse reaction rates across HAIC and its other therapies. (A) Overall and Grade III-IV Adverse Events: HAIC versus FOLFOX4 in prospective studies; (B) Overall and Grade III-IV Adverse Events: HAIC + targeted versus targeted in prospective studies; (C) Overall and Grade III-IV Adverse Events: HAIC + targeted + immunotherapy versus targeted + immunotherapy in prospective studies; (D) Overall and Grade III-IV Adverse Events: HAIC + anti-angiogenic + immunotherapy versus anti-angiogenic + immunotherapy in prospective studies.




3.3.2 HAIC combined with targeted therapy

When HAIC was combined with targeted agents, both prospective and retrospective study data showed significantly expanded adverse reaction spectra, presenting a “multi-system balanced” distribution (Figures 2A, B). First, the incidence of thrombocytopenia increased significantly to 59.0%, with Grade III-IV reaching 14.3%; transaminase elevation increased to 66.7%, with Grade III-IV at 18.9%. Additionally, characteristic adverse reactions specific to targeted therapy emerged: hand-foot syndrome (48.0%, with Grade III-IV at 13.4%) and hypertension (49.9%, Grade III-IV at 12.8%) became issues requiring special attention. The incidence of fatigue (62.2%) also increased significantly compared to monotherapy (Figures 2C, D). Although overall adverse reaction rates increased, most remained controllable Grade I-II reactions.

Comparative analysis between HAIC + targeted therapy versus targeted therapy alone demonstrated distinct safety patterns (70–77). The HAIC combination showed higher incidences in several adverse events, particularly in hepatic dysfunction (elevated transaminases: 66.7% vs 20.35%, grade III-IV: 18.9% vs 5.3%) and certain hematological toxicities, especially thrombocytopenia (59.0% vs 21.1%, grade III-IV: 14.3% vs 4.1%). Interestingly, neutropenia was less frequent in the HAIC combination group (13.5% vs 41.5%, grade III-IV: 1.5% vs 12.0%). Gastrointestinal reactions showed varied patterns, with notably higher rates of nausea (52.5% vs 14.7%) but similar rates of diarrhea (35.8% vs 36.5%). The HAIC combination also resulted in increased incidences of fatigue (62.2% vs 25.0%) and hypertension (49.9% vs 31.5%). Although most adverse events remained grade I-II, these findings suggest that while the combination strategy may potentially offer therapeutic benefits, it requires careful monitoring, especially for hepatic function and platelet counts (Figure 3B).




3.3.3 HAIC combined with targeted and immunotherapy

HAIC + targeted + immunotherapy demonstrated the most complex adverse reaction characteristics, showing an “overall elevation” pattern (Figures 2A, B). The most significant changes were substantial increases in hematological toxicity: neutropenia reached 82.9%, leukopenia 57.1%, and anemia 71.4%. Liver function abnormalities reached peak levels, with transaminase and ALT elevations reaching 97.1% and 94.3%, respectively. Meanwhile, immune-related adverse reactions emerged as new challenges, including RCCEP (37.1%), hypothyroidism (27.8%), and immune-related dermatitis (16.7%). Furthermore, regarding more serious complications such as gastrointestinal bleeding, the incidence increased from 1.9% in the HAIC monotherapy group to 7.7% in the HAIC + targeted + immunotherapy group, with a notable increase in Grade III-IV bleeding (3.6%) (Figures 2C, D). This difference may be related to the additional effects of immunotherapy and anti-angiogenic therapy on gastrointestinal mucosa.

Grade III-IV adverse reactions showed a “prominent peak” pattern, with neutropenia (34.3%) and transaminase elevation (28.6%) showing markedly increased incidence rates. Although overall adverse reaction rates were highest, most were Grade I-II reactions, with relatively controllable proportions of Grade III-IV reactions.

Comparative analysis between HAIC + targeted therapy + immunotherapy versus targeted therapy + immunotherapy demonstrated notably increased adverse events (78–86). The HAIC combination showed significantly higher incidences of hepatic dysfunction (elevated transaminases: 97.1% vs 37.5%, grade III-IV: 28.6% vs 4.15%) and hematological toxicities, particularly in neutropenia (82.9% vs 33.3%, grade III-IV: 34.3% vs 8.75%), leukopenia (57.1% vs 31.55%, grade III-IV: 17.1% vs 3.1%), and thrombocytopenia (65.7% vs 33.55%, grade III-IV: 22.9% vs 5.8%). The combination also led to increased rates of hypoalbuminemia (88.6% vs 17.3%). Gastrointestinal reactions showed a similar pattern of elevation, with higher rates of nausea (38.9% vs 20.5%) and vomiting (34.3% vs 13.0%). While most adverse events remained at grade I-II, the substantial increase in grade III-IV events, particularly in hematological and hepatic parameters, suggests the need for more intensive monitoring and management strategies (Figure 3C).




3.3.4 HAIC combined with anti-angiogenic and immunotherapy

Limited data is available for this combination therapy. Compared to other combination regimens, this showed milder toxicity characteristics, presenting a “relatively concentrated” pattern. Overall adverse reaction rates were significantly lower compared to other combination protocols (Figures 2A, B). Hematological toxicity was relatively mild, with leukopenia at only 23.3% and no Grade III-IV adverse reactions; liver function-related adverse reactions also decreased significantly, with transaminase elevation at only 13.3%. Special attention was required for hypertension (23.3%, Grade III-IV 10%) and proteinuria (28.8%). Gastrointestinal reactions were generally controllable, with diarrhea occurring in 10% of cases, including 6.7% Grade III-IV (Figures 2C, D). However, current data on this aspect is limited, possibly due to economic factors.

In contrast to other combination approaches, HAIC + anti-angiogenic + immunotherapy demonstrated unique safety characteristics (87–92). Unexpectedly, this combination showed lower incidence rates of adverse events in several aspects compared to anti-angiogenic + immunotherapy. Notably, reduced frequencies were observed in hepatic dysfunction (elevated transaminases: 13.3% vs 26.9%), anemia (6.7% vs 30.55%), and fatigue (6.7% vs 25.2%), suggesting better tolerability. The only markedly increased adverse event was thrombocytopenia (40.0% vs 25.8%). Furthermore, grade III-IV adverse events were relatively infrequent, with hypertension being the primary concern (10.0%). These findings suggest that HAIC plus anti-angiogenic and immunotherapy might represent a relatively well-tolerated treatment option, although careful monitoring of thrombocytopenia and hypertension remains essential (Figure 3D).





3.4 Individualized treatment selection and adverse reaction management strategies

Based on the analysis of adverse reaction characteristics of HAIC and its combination therapies, we need to establish systematic management strategies, from patient selection to continuous monitoring, to ensure treatment safety and efficacy.



3.4.1 Principles for individualized treatment protocol selection

Patient baseline status is a key consideration when selecting treatment protocols. For patients with good liver function reserve and no significant underlying diseases, HAIC + targeted + immunotherapy may provide maximum benefit. However, this protocol has higher adverse reaction rates (neutropenia 82.9%, transaminase elevation 97.1%), and the increased risk of gastrointestinal bleeding with HAIC + targeted + immunotherapy requires caution in patients with high-risk factors for gastrointestinal bleeding. Nevertheless, these adverse reactions are mostly controllable through standardized management. For patients with certain underlying diseases or moderate liver function reserve, HAIC combined with targeted therapy may be more suitable, with primary focus on specific adverse reactions such as hand-foot syndrome (48.0%) and hypertension (49.9%). For high-risk patients (poor liver function reserve or significant underlying diseases), HAIC monotherapy’s mild adverse reaction profile (transaminase elevation 53.2%, thrombocytopenia 35.2%) makes it a better choice.

Further research on the mechanisms of adverse reactions and their prevention is needed. For instance, a retrospective study showed that 64.6% of patients experienced abdominal pain during HAIC, possibly due to vascular spasm caused by oxalate (a degradation product of oxaliplatin) irritating blood vessels, or insufficient hepatic blood supply due to small vessel diameter (32). Effective pain management and the use of lidocaine for antispasmodic effects during infusion can effectively relieve abdominal pain during treatment.




3.4.2 Stratified management strategies

Management of adverse reactions should be based on severity level. Grade I-II adverse reactions usually allow continued treatment with symptomatic support; Grade III reactions require considering treatment suspension or dose adjustment, with gradual resumption after improvement; Grade IV reactions require immediate drug discontinuation and active treatment. Specific monitoring plans should be developed for characteristic adverse reactions of different treatment protocols (Figure 4):

	HAIC: Focus on monitoring complete blood count and liver function

	HAIC + targeted therapy: Enhanced monitoring of hand-foot syndrome and blood pressure

	HAIC + targeted + immunotherapy: Comprehensive monitoring plan, especially for immune-related adverse reactions and gastrointestinal bleeding

	HAIC + anti-angiogenic + immunotherapy: Focus on blood pressure and proteinuria
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Figure 4 | Management strategies for adverse reactions in HAIC and HAIC-based combination therapies.




3.4.3 Establishment of long-term management systems

Successful treatment requires a comprehensive long-term management system. First, establish standardized follow-up protocols, including regular efficacy assessment and adverse reaction monitoring. Second, enhance patient education to improve awareness of early adverse reaction symptoms, promoting early detection and management. Finally, maintain good physician-patient communication to ensure timely handling of problems.

This stratified management strategy should be based on standardized monitoring. Set appropriate monitoring items and frequencies according to different treatment protocols, including routine hematological examinations, biochemical indicator monitoring, and screening for specific adverse reactions. Meanwhile, regularly evaluate treatment effectiveness and adjust treatment protocols based on patient tolerance and response.

Overall, management of HAIC and its combination therapies should be an individualized and dynamically adjusted process. Through reasonable protocol selection, systematic monitoring systems, and timely intervention measures, adverse reactions’ impact can be minimized while ensuring treatment effectiveness and improving patient quality of life. Importantly, the higher adverse reaction rates shown in prospective studies suggest that we may need closer monitoring in actual clinical work to detect and address potential problems promptly.






4 Future perspectives

As HAIC and its combination therapy protocols become widely used in HCC treatment, there remains room for further optimization in understanding and managing adverse reactions. The main limitation of current research lies in the significant data discrepancy between prospective and retrospective studies, suggesting potential inadequacies in adverse reaction monitoring and reporting in actual clinical work. For example, the reported incidence of leukopenia in prospective studies (28.8%) is much higher than in retrospective studies (4.7%), indicating the need for more standardized adverse reaction monitoring and reporting systems.

Future research should focus on several aspects: First, more high-quality prospective studies are needed to validate the safety characteristics of different combination protocols. Particularly for new combination protocols such as HAIC + anti-angiogenic + immunotherapy, their relatively low adverse reaction rates require more data support. Second, research on predictive factors and early identification indicators for immune-related adverse reactions is also important, which will help improve the safety of immunotherapy-containing protocols such as HAIC + targeted + immunotherapy. Finally, establishing standardized adverse reaction assessment systems to promote multi-center data comparability and reliability is crucial.

Regarding optimization of management strategies, there is a need to explore more individualized treatment selection criteria and establish prediction models based on patient characteristics for more accurate assessment of adverse reaction risks. Meanwhile, with the development of telemedicine technology, consideration should be given to establishing more convenient adverse reaction monitoring and follow-up systems to improve management efficiency.




5 Conclusion

Through systematic analysis of adverse reaction data from HAIC and its combination therapy protocols, this review finds that different treatment combinations have their unique safety characteristics. HAIC monotherapy shows a relatively mild adverse reaction spectrum, mainly manifesting as controllable hematological toxicity and liver function abnormalities. HAIC combined with targeted therapy adds specific reactions such as hand-foot syndrome and hypertension to the basic adverse reactions. Although HAIC + targeted + immunotherapy has the highest adverse reaction rates, most are controllable Grade I-II reactions. HAIC combined with anti-angiogenic and immunotherapy shows relatively favorable safety characteristics, providing a new option for specific patient populations.

The higher adverse reaction rates generally reported in prospective studies, compared to retrospective studies, more closely reflect real clinical situations, suggesting the need for more cautious and standardized monitoring strategies in actual practice. Based on these findings, we recommend individualized treatment selection and stratified management strategies, including protocol selection based on patient characteristics, systematic monitoring plans, and timely intervention measures.

For clinical practice, we recommend: First, strictly evaluate patient baseline status to select appropriate treatment protocols; second, establish comprehensive monitoring systems for early detection and timely intervention; finally, maintain regular follow-up and dynamically adjust treatment strategies. Only through such systematic management can we ensure treatment effectiveness while maximizing control of adverse reactions’ impact and improving patient benefits.

In the future, with the accumulation of more high-quality research data and optimization of management strategies, the application of HAIC and its combination therapies in HCC treatment will become more standardized and individualized, providing safer and more effective treatment options for patients.

Several limitations of this study should be acknowledged. First, although we conducted a comprehensive review of adverse events across different treatment protocols, some relevant literature might have been missed despite our best efforts to minimize selection bias. Second, the heterogeneous nature of the source data, particularly the limited number of studies for certain combination therapies, may have introduced statistical bias in our comparative analyses. Third, baseline characteristics of patients varied across different studies, potentially confounding the comparison of adverse event profiles. Fourth, the safety data for some combination therapies, especially HAIC plus anti-angiogenic and immunotherapy, remains limited and requires further validation through larger, prospective clinical trials. These limitations underscore the need for more standardized, prospective studies with uniform adverse event reporting criteria to better evaluate the safety profiles of various HAIC-based combination therapies.
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Background

Liver cancer, particularly hepatocellular carcinoma (HCC), is a major health concern globally and in China, possibly shows recurrence after ablation treatment in high-risk patients. This study investigates the prognosis of early-stage male HCC patients with chronic hepatitis virus B (HBV) infection who also have long-term smoking and drinking habits, following local ablation treatment.





Methods

Data from 257 patients treated at Capital Medical University, Beijing Youan Hospital from 2014 to 2022 were retrospectively analyzed. We first screened the variables by Lasso regression and random survival forest (RSF), followed by multivariate Cox regression analysis. Based on the screened variables after these steps, we performed and validated a nomogram to predict the survival status of these patients.





Results

Our results indicated that monocytes and globulin are risk factors while pre-albumin (PALB) is protective after selected by Lasso, RSF and multivariate Cox regression, providing a robust tool for predicting overall survival and guiding treatment for high-risk HCC patients. With promising discrimination, accuracy and clinical applicability, our model was translated into a nomogram for practical use.





Conclusion

Our prognostic model effectively identifies key risk factors such as monocytes, globulin and PALB, providing accurate predictions for HBV-induced male patients with smoking and drinking habits.





Keywords: hepatocellular carcinoma, male, smoking and drinking, machine learning, nomogram





Introduction

Liver cancer is one of the most severe malignant endpoint events resulting from various liver diseases. It remains the third leading cause of cancer-related death worldwide and is among the top five causes of cancer diagnosis and death in China. The most common form of liver cancer is hepatocellular carcinoma (HCC), which frequently occurs in patients with cirrhosis (1, 2).

The main treatments for HCC include surgery, ablation, intra-vascular treatment, radiotherapy, and chemotherapy. The choice of treatment varies depending on the stage of HCC. The Barcelona Clinic Liver Cancer (BCLC) staging system, which divides HCC into five stages (0 to D), is the most commonly used criteria for evaluating the progression of HCC. Early-stage HCC patients (BCLC 0 and A) respond well to local ablation treatment (3).However, despite the effectiveness of this treatment, there is still a high rate of intrahepatic metastases and vascular invasion post-ablation, leading to HCC recurrence (4).

Various risk factors contribute to the incidence of HCC, with viral infections being the most significant. Hepatitis B virus (HBV) infection is the primary cause of HCC in China. In addition to HBV, gender (male), smoking, and drinking habits also increase the risk of HCC (5–7). Studies report that the cumulative incidence of HCC in male chronic hepatitis B patients is three times higher than in females (8). HCC secondary to alcohol and chronic hepatitis B infection is more common in men (9). Furthermore, toxic agents in cigarettes and alcohol can exacerbate liver damage and hepatitis, resulting in a higher risk of HCC (7). While numerous studies have explored the risk factors and general outcomes of HCC, limited research has focused specifically on the recurrence and prognosis of male HCC patients with chronic HBV infection who also have long-term smoking and drinking habits, particularly following local ablation treatment. The interplay of these risk factors and their impact on long-term survival remains understudied. Furthermore, despite advances in treatment, there is a lack of predictive models that incorporate both clinical and behavioral factors to guide individualized treatment strategies for this high-risk population.

Therefore, our study addresses this gap by retrospectively analyzing the prognosis of early-stage male HCC patients with chronic HBV infection, combined with smoking and drinking habits, following local ablation therapy. Additionally, we develop a machine learning-based prediction model to provide new insights into personalized treatment and prognosis for this specific group of HCC patients.





Materials and methods




Study patients

Data were retrospectively collected from patients treated at Capital Medical University, Beijing Youan Hospital, from 2014 to 2022. The diagnosis of hepatocellular carcinoma (HCC) was based on the American Association for the Study of Liver Diseases guidelines. All patients underwent a single session of radiofrequency ablation (RFA) therapy. Following the inclusion and exclusion criteria, data from 257 patients were collected. Inclusion Criteria were:1. Male; 2. Age 18-75 years old; 3. Chronic HBV infection (hepatitis B surface antigen [HBsAg] and/or HBV DNA positive for over 6 months); 4. BCLC stage 0 or A; 5. Single session of RFA treatment; 6. Chronic history of smoking or alcohol consumption; 7. Complete follow-up data. And the exclusion criteria were:1. Concurrent chronic virus infection; 2. Liver metastases; 3. Concurrent tumors in other organs; 4. Severe organic diseases or severe dysfunction in the heart, lungs, or kidneys; 5. Additional treatments after RFA therapy or multiple RFA sessions.

According to Dietary Guidelines for Chinese residents, male patients whose alcohol consumption exceeded 25g per day were considered having drinking habits (10). Chronic smoking was referred to as a history of smoking for an smoking period of over 4 days per week (11).





Data collection

Patient data collected included age, complete blood count (CBC), laboratory test results for liver and kidney function, coagulation function, and indicators for HCC evaluation at baseline. CBC included white blood cells (WBC), neutrophils (Neu), lymphocytes (Lym), monocytes (Mon), red blood cells (RBC), hemoglobin (Hb), and platelets (PLT). Liver and kidney function tests included albumin (Alb), aspartate aminotransferase (AST), alanine aminotransferase (ALT), AST/ALT ratio, total bilirubin (TBIL), globulin, bile acid (BA), gamma-glutamyl transferase (GGT), blood urea nitrogen (BUN), uric acid (UA), cholesterol (CHOL), triglycerides (TG), high-density lipoprotein cholesterol (HDL), and low-density lipoprotein cholesterol (LDL). Coagulation function included prothrombin time (PT), prothrombin activity (PTA), international normalized ratio (INR), thrombin time (TT), and fibrinogen (Fib). Indicators for HCC evaluation included alpha-fetoprotein (AFP), tumor size, and tumor number. Additional collected data included smoking and drinking history, and medical history such as hypertension, diabetes, antiviral therapy, alcoholic liver disease, and cirrhosis. Data were anonymized for subsequent analysis.





Local ablation treatment

All patients underwent a single session of RFA therapy, which was performed subcutaneously and ultrasound-guided. The RFA system used was a Cool-tip RFA system (Tyco, USA). Once the position of the thermal ablation electrode needle reached the target lesion, radiofrequency ablation was initiated. The power setting for each ablation site was generally set to 100-120 W, with an ablation time of 10-15 minutes. The ablation zone completely covered the lesion, with a margin of 0.5 to 1 cm. Treatments were carried out by physicians with over 5 years of experience in interventional therapy.





Baseline, endpoint, and follow-up

Baseline was determined as the time of HCC diagnosis at the initial visit to our hospital. The endpoint was overall survival (OS), defined as the time until patient death. The last follow-up was conducted on January 1st, 2024. CBC, liver, kidney, and coagulation function, and tumor status were re-examined 1 month after RFA. Patients were then followed up every three months in the first year and every six months in the second year until the endpoint or the end date of follow-up. Follow-up was conducted via outpatient visits, inpatient stays, or telephone calls.





Statistical analysis

Independent t-tests were used for continuous normally distributed variables between 2 groups, and non-parametric tests were used for comparison among 2 or 3 groups of non-normally distributed variables. For categorical variable comparison between 3 groups, Pearson Chi-squared tests were used. Kaplan-Meier (KM) curves and log-rank tests were used to describe and compare survival rates.

For machine learning, we utilized least absolute shrinkage and selection operator (Lasso) regression and random survival forest (RSF). Lasso regression is a type of linear regression that includes a regularization parameter λ to avoid model overfitting, suitable for high-dimensional data. RSF analyzes data by constructing multiple survival trees using bootstrapping. Variables selected by both machine learning methods were intersected for further analysis.

The model created by machine learning was evaluated in both the training and validation cohorts for discrimination, calibration, and clinical applicability using C index, receiver operating characteristic (ROC) curves, calibration curves, and decision curve analysis (DCA), respectively. Moreover, a nomogram was established to visualize the model, which is a graphical representation used to predict the clinical outcome based on screened variables. It typically consists of multiple scales aligned in parallel layout, where each scale corresponds to a particular variable. By drawing lines between these scales, one can determine the predicted outcome. All analyses were performed using R (version 4.3.2), with p < 0.05 considered statistically significant. (R scripts are available in https://github.com/Sakuflo/male_HBV_HCC_drinking-smoking).






Results




Comparison of HCC patients under different risks

To begin with, to determine the prognosis of male patients with smoking and drinking habits, we collected clinical data from 3 groups of patients: patients without these habits (n=298), those with either smoking or drinking habits under similar conditions (n=283) and those with both smoking and drinking habits (n=257). The comparison of clinical data among the groups is presented in Table 1. Statistically significant differences were observed between the three groups in RBC, ALT, TBIL, GGT, ALP, bile acid, diabetes, ALD, and cirrhosis.

Table 1 | Comparison of baseline data of three groups of patients.


[image: A comprehensive data table comparing three groups (Group 1: N=298, Group 2: N=283, Group 3: N=257) on various health metrics like age, blood cell counts, liver enzymes, cholesterol levels, and more. Each metric includes mean or median values with interquartile ranges, and a p-value indicates statistical significance between groups. Notes describe patient groups and statistical tests used.]
We further plotted the Kaplan-Meier (K-M) curves to calculate and compare the survival rates of the three groups (Figure 1). Until the end of the follow-up date, the complete median overall survival (mOS) was not available for groups 1 and 2; while in group 3, the mOS was 7.651 years, which suggested that Group 3 had worse survival performance. The log-rank test showed that the cumulative OS was statistically significant between the three groups. The survival rate in group 3 decreased significantly, indicating a poorer prognosis for patients with both smoking and drinking habits.

[image: Kaplan-Meier survival plot depicting cumulative overall survival (OS) over 10 years for three groups. Group 1 is red, Group 2 is blue, and Group 3 is black. The survival probability decreases over time for all groups. A log-rank p-value of 0.0039 indicates statistical significance. Below the plot, a table shows the number at risk at each year, with Group 1 starting at 298, Group 2 at 283, and Group 3 at 257.]
Figure 1 | K-M survival plot of three groups of patients. Group 1: patients without smoking or drinking habits; Group 2: patients with either smoking or drinking habit; Group 3: patients with smoking and drinking habits.





Screening risk factors by Lasso and multi-variate Cox regression

Based on the poorer prognosis of patients with smoking and drinking habits, we divided the 257 patients to training and validation set according to 7:3, using machine learning methods and multi-variate Cox regression to screen the risk factors, finally gaining the variables that affect survival. There were no significant differences among training and validation set, so the model we established in training set was able to fit the validation set.(Table 2).

Table 2 | Comparison of clinical data between training and validation cohort.


[image: A comprehensive table comparing medical parameters between a training cohort (N=179) and a validation cohort (N=78). Parameters include age, blood cell counts, liver function tests, cholesterol levels, and more. Statistical values such as mean, median, interquartile ranges, and P-values are listed. The table also covers anti-viral therapy, diabetes, hypertension, and cirrhosis, indicating no significant differences in most parameters, with P-values denoting statistical comparisons. Abbreviations and their units are provided at the bottom.]
In the training cohort, we initially applied Lasso regression and plotted the Lasso path to illustrate how the coefficients change with increasing λ (Figure 2A). We then used 10-fold cross-validation to calculate the partial likelihood deviance for different λ values (Figure 2B). When λ = 0.0559, the partial likelihood deviance was the smallest, indicating that this was the best-fitting model. At this λ value, there were 8 variables with non-zero coefficients, which were subsequently included in the model: age, tumor number, lymphocyte, monocyte, globulin, ALP, PALB, and TT.

[image: Panel (A) shows a coefficient path plot, illustrating the trajectories of various variables as functions of Log(Lambda) in a regularization process. Each colored line represents a different variable. Panel (B) displays a plot of partial likelihood deviance against Log(Lambda) with red dots indicating deviance values and grey error bars, demonstrating the model's fit across different regularization strengths. Dashed vertical lines highlight particular lambda values of interest.]
Figure 2 | Variable screening using Lasso regression and 10-fold cross-validation. (A) Lasso coefficient path of different variables, showing the shrinkage effect as the regularization parameter changes; (B) Selection of the optimal lambda value using 10-fold cross-validation to identify key predictors.

Next, we used another machine learning method, RSF, to screen the variables (Figure 3). First, we constructed decision trees ranging from 0 to 1400, and it is clear that the error rate reaches its lowest point and stabilizes after 200 trees. At this stage, the model demonstrates strong predictive ability. Based on this optimized model, we calculated the variable importance measures (VIMP). The top 10 variables ranked by VIMP were globulin, PALB, GGT, age, ALP, RBC, Alb, lymphocyte, monocyte, and cirrhosis.

[image: Panel A shows a line graph of error rate versus number of trees, with error rate decreasing as the number of trees increases, stabilizing around 1400 trees. Panel B presents a bar graph of variable importance with Glob, Palb, GGT, Age, ALP, RBC, Alb, Lym, Mon, and Cirrhosis, where Glob has the highest importance.]
Figure 3 | Variable screening using random survival forest. (A)The relationship between different number of trees and error rate; (B)VIMP of different variables under RSF model.

Next, we intersected the variables screened by the two machine learning methods and identified age, globulin, PALB, ALP, lymphocyte, and monocyte. These variables were then subjected to multivariate Cox regression analysis, which revealed that monocyte, globulin, and PALB had the most significant influence on OS (p<0.05). Monocyte and globulin were identified as risk factors (HR>1), while PALB was found to be a protective factor (HR<1) [Table 3].

Table 3 | Multivariate Cox regression of hazard ratio.


[image: Table showing hazard ratios (HR) with confidence intervals and p-values for various variables. Age: HR 1.031, p 0.118. Lymphocytes (Lym): HR 0.654, p 0.051. Monocytes (Mon): HR 3.664, p 0.005. Globulin: HR 1.117, p <0.001. Alkaline phosphatase (ALP): HR 1.002, p 0.476. Pre-albumin (PALB): HR 0.994, p 0.028. Bold text indicates selected variables.]




Establishment of Nomogram

We converted our mathematical model calculated by machine learning to a visualized nomogram to evaluate and categorize patients specifically (Figure 4). Based on the specific values of monocytes, PALB and globulin of the patient, the scores corresponding to Points can be found vertically upwards, the scores of each score are aggregated, and the corresponding values are found in total Points and vertically downwards, and the probability of their predicting 3-year, 5-year and 8-year OS survival can be found.

[image: A nomogram with multiple horizontal scales for predicting outcomes. Scales include Points (0-100), Mon (0-2.4), Palb (300-20), Glob (10-45), and Total Points (0-180). Predictive scales for 3-year, 5-year, and 8-year overall survival (OS) range from 0.9 to 0.1. Each scale is aligned horizontally with labeled increments.]
Figure 4 | Nomogram generated from the machine learning model for individualized risk prediction in patients, integrating significant risk factors identified in the study.





Evaluation for discrimination, accuracy and clinical applicability

Firstly, we used C-index and ROC analysis to evaluate the ability of Nomogram to discriminate between patients in the training set and validation set at 3, 5 and 8 years (Figure 5). The C-index was 0.712 (95% CI 0.663-0.761) in the training cohort and 0.719 (95% CI 0.648-0.789) in the validation cohort, which reflected good predicting ability. ROC analysis showed that in the training set, the area under curve (AUC) of OS at 3, 5, and 8 years are 0.746,0.779, and 0.775, respectively. In the validation set, it is 0.784,0.770, and 0.759, respectively, which showed that the model has a good discriminatory ability in both the training and validation sets.

[image: Two ROC curve graphs compare sensitivity and 1-specificity. Graph (A) shows 3-year, 5-year, and 8-year AUCs as 0.746, 0.779, and 0.775 respectively. Graph (B) shows AUCs for the same periods as 0.784, 0.770, and 0.759. Each curve indicates different time intervals, with lines colored red, blue, and black.]
Figure 5 | ROC analysis assessing the predictive performance of nomogram for OS in both training and validation cohorts. (A) ROC analysis in training cohort; (B) ROC analysis in validation cohort.

Next, we assessed the accuracy of the model using the calibration curve (Figure 6). The horizontal coordinate was the predicted survival probability and the vertical coordinate was the actual observed survival rate. The diagonal dashed line represented the ideal case of complete calibration, and the closer the line between the points was to the diagonal line, the higher the prediction accuracy is represented. It can be observed that Nomogram’s predictions for 3-, 5-, and 8-year were closer to the diagonal line in both the training and validation sets, showing good accuracy.

[image: Graphs labeled A to F show nomogram-predicted probability of survival versus actual survival. Panels A, B, C display 3, 5, and 8-year survival predictions with n equals 79, 50 subjects; panels D, E, F show the same for n equals 78, 30 subjects. Each graph includes error bars, a diagonal line indicating ideal predictions, and data points reflecting observed predictions. Resampling optimism adjustments are noted.]
Figure 6 | Calibration curve of 3-,5- and 8-year OS drawn by Nomogram in training and validation cohort. (A-C) 3-, 5- and 8-year OS in training cohort; (D-F) 3-, 5- and 8-year OS in validation cohort.

We then used Decision Curve Analysis (DCA) to assess the clinical applicability of the nomogram (Figure 7). The analysis evaluated the prediction results and the effect of intervention by calculating the net benefit across different threshold probabilities (0 to 1). The horizontal axis represents the threshold probability, while the vertical axis represents the net benefit. The black solid curve represents the net benefit with all interventions, the black horizontal solid line represents the net benefit without any interventions, and the dashed line represents the net benefit when using the nomogram for prediction. As shown in the figure, despite some differences between the training and validation sets, the net benefit curve of the nomogram was higher than that of the all-intervention approach for most of the threshold range, indicating overall good performance.

[image: Six line graphs labeled A to F show net benefit against threshold probability. Each graph has three lines representing "None," "All," and "Nomogram." Graph (A) ranges from -0.15 to 0.05 net benefit, graphs (B) and (C) range from 0 to 0.5, graphs (D) and (E) range from -0.05 to 0.1, and graph (F) from 0 to 0.6. The "Nomogram" line fluctuates, while "None" remains constant at zero and "All" curves downward.]
Figure 7 | DCA of Nomogram in training and validation cohort. (A-C) 3-, 5- and 8-year OS in training cohort; (D-F) 3-, 5- and 8-year OS in validation cohort.





K-M survival curve assessment of patients using Nomogram

Based on the Nomogram score, we classified patients into high-risk group (top 50%) and low-risk group (bottom 50%) according to from high to low (Figure 8). The mOS of the high-risk group in the training set was 5.46 years, and the mOS of the low-risk group was not obtained up to the endpoint, and the results in the validation group were similar to those in the training set (5.81 years for the high mOS and no mOS for the low-risk group). In the training set, the OS of patients in the low-risk group was 0.94, 0.80, and 0.65 at 3, 5, and 8 years, respectively; in the high-risk group, it was 0.79, 0.52, and 0.39, respectively. All of the above results showed that the prognosis of the low-risk group was better than that of the high-risk group, suggesting that the Nomogram established based on the results of the machine learning has a good ability of prognostic assessment and application value.

[image: Two survival analysis graphs labeled A and B show cumulative OS analysis over time. Graph A compares low and high-risk groups over ten years, with a p-value of 0.017. Graph B compares similar groups over nine years, with a p-value of 0.024. Each graph includes a table of the number of people at risk over the period.]
Figure 8 | K-M survival curve stratifying patients into high- and low-risk groups based on nomogram in training and validation cohort. (A) Survival curve in the training cohort; (B) Survival curve in the validation cohort, showing distinct survival differences between risk groups.






Discussion

Local ablation therapy is one of the recommended treatments for patients with BCLC stage 0 and A HCC. However, due to its high recurrence rate, more research is needed to explore the prognosis after ablation therapy, particularly for high-risk patients. Public health research has shown that has shown that men surpass women in both the typical frequency and amount of smoking and drinking based on various social economical or cultural reasons, as well as in the incidence of adverse consequences related to smoking and drinking, which both are risks of high recurrence rate of HCC (7, 12, 13). In this study, we evaluated the prognosis of male patients with chronic HBV infection and smoking and drinking habits after HCC ablation therapy. We first confirmed that the 3-, 5-, and 8-year OS in this group were worse. We then used machine learning methods to propose a new scoring system for this group, providing new strategies for follow-up and intervention timing.

Chronic HBV infection is a known high-risk factor for HCC. The inflammatory environment caused by the infection and the integration of viral DNA into the host are key reasons for carcinogenesis, which will not be elaborated here (14). Among gender factors, the incidence and recurrence rates of HCC in men are 2-3 times higher than in women (15). It is generally accepted that the differences in sex hormone levels due to gender are an important reason for the different risks of disease between men and women. In HCC, androgens and androgen receptors promote cell proliferation, migration, and invasion, while inhibiting apoptosis (16). Additionally, the risk factors for HCC are not balanced between men and women. Men have higher rates of smoking and heavy drinking than women (15). Cigarette smoke contains various compounds harmful to the liver. For example, 4-aminobiphenyl in cigarette smoke forms 4-aminobiphenyl-DNA adducts in liver cells. When stratified by the levels of these adducts, the risk of HCC in the high-level group is 10 times higher than in the low-level group. When combined with HBV infection, the risk is 40 times higher in patients with positive HBsAg and high adduct levels compared to those with negative HBsAg and low adduct levels (17). Other carcinogenic chemicals, such as nitrosamines, can induce a systemic inflammatory state, elevate various cytokine levels, and promote DNA mutations and cell proliferation (18). Long-term heavy drinking not only increases the risk of alcoholic liver disease but is also a direct risk factor for carcinogenesis. The metabolism of ethanol exacerbates mitochondrial oxidative stress, and the intermediate metabolite acetaldehyde stimulates the increase of reactive oxygen species (ROS), causing mitochondrial damage and abnormal lipid metabolism in liver cells, making them more prone to necrosis (19). In summary, our grouping of subjects considered multiple high-risk factors for HCC, which has important clinical significance.

In selecting variables, we utilized two machine learning methods: Lasso regression and Random Survival Forest (RSF), followed by multivariate Cox regression, and ultimately identified monocytes, globulin, and pre-albumin. Using both machine learning techniques enhances model robustness, reduces the risk of overfitting, and mitigates biases introduced by a single method. Lasso feature selection is based on linear relationships and L1 regularization, effectively addressing multicollinearity issues, while RSF evaluates variable importance through a nonlinear decision tree model. Taking the intersection of variables selected by both methods ensures their importance under both linear and nonlinear relationships, thereby improving model interpretability.

Based on this, the nomogram we established demonstrated superior performance, effectively distinguishing between high-risk and low-risk patients in terms of 3-, 5-, and 8-year overall survival (OS). In this study, monocytes were identified as a risk factor for recurrence in the study population (HR=3.664, 95% CI 1.473-9.113). Similar findings were reported by Hong et al. In studies related to prognostic models for HCC, monocytes are often included in the form of the monocyte-to-lymphocyte ratio (MLR) (20). Numerous studies across different populations have confirmed that a high MLR is a risk factor for HCC recurrence. In a clinical predictive model for AFP-negative HCC patients, MLR was identified as a risk factor for recurrence and was included as one of the variables in the predictive model (21). Wang et al. found that a high MLR was significantly associated with recurrence and decreased overall survival in patients undergoing TACE combined with ablation therapy (22).

A high number of peripheral blood monocytes suggests enhanced patrolling under tumor conditions, which can migrate to liver tumor tissues and differentiate into tumor-associated macrophages (TAMs). These TAMs secrete cytokines such as TGF-beta and IL-10, promoting tumor growth and suppressing tumor immunity, thus forming part of the tumor microenvironment (23). Elevated globulin levels typically indicate chronic liver disease, and pre-albumin (PALB) can reflect hepatocyte damage earlier than albumin (Alb). A decrease in PALB indicates systemic inflammation and malignancy, which aligns with our findings that globulin is a risk factor, while PALB is a protective factor.

There are several limitations in our study. Firstly, we did not stratify patients based on the degree of smoking and drinking. According to some studies, the risks vary with different levels of smoking and drinking. Secondly, our data was collected from a single center with a limited patient cohort, which may introduce a potential limitation in the generalizability of our findings. The limited sample size may increase the risk of overfitting in our model, meaning that while the model performs well on the current dataset, its predictive power may be less reliable when applied to external datasets. Thus, further external validations with larger and more diverse cohorts are necessary in the future to improve the robustness and generalizability of our predictive model.

Despite all the limitations, our research still provided a promising prediction model, which serves as a tool for clinical decision-making, enabling precise monitoring and intervention for high-risk populations. This approach not only helps improve patient survival rates but also lays the foundation for future multi-center validation studies and long-term follow-up research. Specifically, we suggest that these patients through the nomogram should be monitored more frequently and considered for adjunct therapies post-ablation to reduce recurrence risk.





Conclusion

In this study, we evaluated the OS of high-risk HCC in male patients with chronic HBV infection and smoking and drinking habits. Using Lasso regression, RSF, and Cox regression, we identified four key variables to develop a clinically practical nomogram. This nomogram, validated for its accuracy and clinical applicability, effectively stratified patients and assessed their OS, offering valuable guidance for follow-up and treatment timing.
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Background

Citrate synthase (CS) is a key rate-limiting enzyme in the tricarboxylic acid (TCA) cycle and plays a crucial role in cancer progression. However, the mechanism by which CS promotes liver cancer growth remains unclear. The aim of this study is to elucidate the role of CS and its post-translational modifications (PTMs) in the initiation and progression of hepatocellular carcinoma (HCC).





Methods

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was used to detect protein lysine succinylation in human liver cancer and adjacent non-cancerous tissues. A HCC model was established in male C57BL/6 mice through intraperitoneal injection of DEN. The expression of SIRT5 and CS in HCC mice was assessed by RT-qPCR, immunohistochemistry, and Western blotting. HepG2 cells were cultured, and co-immunoprecipitation (Co-IP) was performed to evaluate the interaction between SIRT5 and CS. Western blotting was used to measure the succinylation levels of CS. In addition, Mito-Tracker Red CMXRos staining, reactive oxygen species (ROS) measurement, ATP level assay, EdU cell proliferation assay, colony formation assay, TUNEL staining, and flow cytometry were used to investigate the effects of CS succinylation and desuccinylation on mitochondrial function and cell proliferation in hepatocellular carcinoma cells.





Results

A total of 358 differentially modified proteins were identified in human liver cancer tissues. These differentially modified proteins were primarily enriched in the mitochondria, and CS exhibited high levels of succinylation in HCC tissues. In mouse liver cancer tissues, SIRT5 expression was reduced while CS expression was increased. Furthermore, SIRT5 was found to interact with CS, mediating the de-succinylation of CS at the lysine 375 site. Additionally, succinylation at the K375 site of CS was shown to enhance mitochondrial activity and ATP content in HepG2 cells, while reducing intracellular ROS levels and promoting cell proliferation. In contrast, de-succinylation of CS at the K375 site significantly impaired mitochondrial function and ATP levels, increased ROS levels, and induced apoptosis in HepG2 cells.





Conclusion

Succinylation of CS is crucial for maintaining mitochondrial function and promoting cell proliferation in liver cancer cells. Targeting SIRT5-mediated de-succinylation of CS may represent a promising therapeutic strategy for the treatment of hepatocellular carcinoma.





Keywords: citrate synthase, hepatocellular carcinoma, PTMs (post-translational modifications), succinylation, mitochondrial metabolism, apoptosis





Introduction

Hepatic malignancy remains a global health threat, and according to the latest data from the International Agency for Research on Cancer (IARC) 2024 of the World Health Organization, which reveals that there will be 9,740,000 cancer deaths globally in 2022, of which 760,000 deaths from hepatocellular carcinoma will be the highest number (1). HCC characterized by late-stage diagnosis and poor treatment outcomes (2). In recent years, beyond classical genetic alterations and signaling pathways, metabolic reprogramming has emerged as a key driver of HCC initiation and progression (3, 4). Tumor cells adopt adaptive metabolic strategies such as reprogramming of the tricarboxylic acid (TCA) cycle, enhanced lipid biosynthesis, and redox modulation to meet their proliferative demands (5, 6). These metabolic adaptations significantly affect tumor cell survival and invasiveness. Therefore, investigating the regulatory mechanisms of key metabolic enzymes in HCC is essential for uncovering tumor pathogenesis and developing novel therapeutic strategies.

TCA cycle, also known as the citric acid cycle, serves as a central hub for the metabolism of three major nutrients: proteins, lipids, and glucose (7). It plays a crucial role in tumor metabolic reprogramming (8, 9). Citrate synthase (CS) is the rate-limiting enzyme of the TCA cycle and catalyzes the first step of the cycle (10). CS expression is elevated in hepatocytes, and its enzyme activity is aberrant (11); however, the post-translational modifications (PTM) of CS and its regulatory role in HCC development remain unclear. Protein succinylation is a recently discovered post-translational modification, where the succinyl group from a donor is covalently attached to a lysine residue through enzymatic or non-enzymatic processes (12). Lysine succinylation is widely present in both eukaryotic and prokaryotic cells. It plays a regulatory role in various pathways, including the tricarboxylic acid cycle, amino acid metabolism, and fatty acid metabolism. This modification is closely associated with diseases such as neurodegenerative disorders (13), inflammation, metabolic diseases (14), and cancer (15). SIRT5 belongs to the sirtuin family of NAD+-dependent deacetylases and is an important metabolic regulator (16). It primarily removes succinyl, malonyl, and glutaryl groups from lysine residues in mitochondria and peroxisomes (17). SIRT5 has dual roles in promoting or suppressing tumors (18), with its expression being significantly downregulated in liver cancer tissues (19). Recent studies have shown that the role of SIRT5 in the development of renal cell carcinoma, breast cancer, and hepatocellular carcinoma depends on its deacetylase activity (20–22). Research has also found that SIRT5 interacts with CS, and SIRT5 removes succinyl groups from CS at the evolutionarily conserved residues K393 and K395, promoting the proliferation and migration of colon cancer cells (23). Whether SIRT5 regulates CS through its de-succinylation activity to exert its suppressive effect in hepatocellular carcinoma remains unclear.

In this study, a quantitative proteomic analysis of lysine succinylation was conducted on cancerous and adjacent non-cancerous tissues from HCC patients. We discovered the accumulation of lysine succinylation in human liver cancer tissues, with a marked change in the succinylation modification of CS. CS was found to be a substrate of SIRT5, and SIRT5 de-succinylates CS at lysine K370. The high succinylation of CS promoted the proliferation and migration of liver cancer cells. Our findings reveal a novel PTM of CS and provide initial insights into the impact of CS succinylation on hepatocellular growth and migration. These results also suggest potential therapeutic strategies for intervening in tumors by modulating the interaction between CS and SIRT5.





Materials and methods




Cell lines and clinical samples

The HepG2 hepatocellular carcinoma cell line was purchased from Wuhan PunoSci Biotechnology Co., Ltd. Cells were cultured in MEM (NEAA) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. All cell lines were authenticated by Short Tandem Repeat (STR) analysis and tested for mycoplasma contamination.

Five patients diagnosed with liver cancer were enrolled from Shenyang Chest Hospital. Tumor tissue samples and corresponding adjacent tissue samples (approximately 2 cm from the tumor margin) were collected and stored in liquid nitrogen for further analysis. All participants provided written informed consent to undergo clinical examinations and sample collection. The study protocol was approved by the institutional review board (KYXM-2023-001-02).





4D-label free proteomics analysis of peptide succinylation

For 4D-label-free proteomics analysis of peptide succinylation, proteins were extracted using urea-based lysis, followed by reduction with DTT, alkylation with iodoacetamide, and trypsin digestion. Peptides were enriched using anti-succinyl-lysine antibody-conjugated resin (PTM Biolabs, Hangzhou, China) and eluted with 0.1% TFA. After desalting and drying, peptides were analyzed on an EASY-nLC 1000 UPLC system coupled to a Q Exactive Plus mass spectrometer (Thermo Fisher). A data-dependent acquisition mode was used, with a full MS scan (m/z 350–1800) at 70,000 resolution, followed by MS/MS scans of the top 20 ions. MS/MS data were analyzed using MaxQuant (v1.6.6.0) against the Homo sapiens database. Carbamidomethylation (C) was set as a fixed modification, while oxidation (M), acetyl (N-term), and succinylation (K) were variable. Label-free quantification (LFQ) was performed with an FDR of 1% for both PSM and protein levels, and only succinylated peptides with localization probability >0.75 were retained.





Bioinformatics analysis

The GSE84402 dataset was derived from Gene Expression Omnibus (GEO) and included 18 normal samples and 18 HCC samples. R software and T test were used to analyze the differential expression of CS and sirtin(SIRT)5 in 18 normal and 18 HCC patients.





Animal studies

The animal experimental protocol in this study was approved by the Animal Ethics Committee of Liaoning University of Traditional Chinese Medicine in accordance with the “Guide for the Care and Use of Laboratory Animals” (National Research Council) (Ethics ID: 21000042022042). Twenty SPF-grade male C57BL/6 mice, aged 3 weeks, with an average body weight of (10 ± 2) g, were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Animal License No. SCXK (Beijing) 2016-0006). The mice were housed in the Animal Facility of Liaoning University of Chinese Medicine, with a relative humidity of 50%, room temperature maintained at 22°C, natural lighting, and free access to water and food. The mice were randomly divided into two groups: the NC group and the HCC group, with 8 mice in each group. Mice in the HCC group were intraperitoneally injected with DEN (50 mg/kg) (DEN (#N0725)Sigma Aldrich, St.Louis, MO)once a week for 8 consecutive weeks to establish the HCC model. After the model was successfully established, the mice were euthanized, and their livers were harvested, weighed, and subjected to RT-qPCR, immunohistochemistry, and Western blotting analyses.





RT-qPCR

Total RNA was extracted from liver cancer tissues using Trizol reagent(CW0580, CoWin Biotech Co.,Ltd,Jiangsu,China). The RNA was then reverse transcribed into cDNA using the HiFiScript gDNA Removal cDNA Synthesis Kit( CW2582,CoWin Biotech Co.,Ltd,Jiangsu,China). Quantitative PCR (qPCR) was performed using the UltraSYBR Mixture (Low ROX) Kit(Cw2601,CoWin Biotech Co.,Ltd,Jiangsu,China). The reaction conditions were set as follows: 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Primers were synthesized by Shanghai Shenggong Bioengineering Co., Ltd., and the primer sequences for CS, sirtuin (SIRT) 5, and GAPDH are provided below.CS, forward, 5′-CTCATCCTGCCTCGTCCTTG-3′ and reverse, 5′-GCCACCGTACATCATGTCCAC-3′;sirtuin (SIRT)5, forward, 5′-GATTCATTTCCCAGTTGTGTTGT-3′ and reverse, 5′-TGGCTATGTGCTTGGCGTTC-3′;GAPDH, forward, 5′-CGTGTTCCTACCCCCAATGT-3′ and reverse, 5′-AGCCCAAGATGCCCTTCAGT-3′;The results were analyzed using the 2-ΔΔCT method for relative quantification





Immunohistochemistry staining and scoring

Mouse liver cancer tissues were stained using CS and SIRT5 antibodies. Paraffin-embedded liver tissue sections from each group of mice were subjected to heat-induced antigen retrieval, endogenous enzyme inactivation, and blocking. Afterward, CS and SIRT5 antibodies were applied and incubated for 1 hour. Following PBS washes, secondary antibodies were added and incubated for 30 minutes. After additional PBS washes, the sections were developed with DAB, counterstained with hematoxylin, differentiated in ethanol hydrochloride, dehydrated, mounted, and observed. Immunohistochemical results were analyzed using Image Pro Plus 6.0 software, with protein expression levels represented by the average optical density values.





Western blotting

Liver tissue (0.1 g) from mice was homogenized in 1 mL RIPA lysis buffer and incubated on ice for 30 minutes. After centrifugation at 12,000 rpm for 20 minutes at 4°C, the supernatant was collected. Protein concentrations from each group were measured using a BCA protein assay kit. Protein samples were mixed with loading buffer and heated at 95°C for 5 minutes to ensure complete denaturation. Fifty micrograms of protein were loaded and separated by SDS-PAGE electrophoresis, then transferred to a PVDF membrane. The membrane was blocked with 5% non-fat dry milk at room temperature for 1 hour, followed by incubation with primary antibodies overnight at 4°C. After three 15-minute washes with TBST, the membrane was incubated with appropriate secondary antibodies at room temperature for 1 hour. Finally, protein signals were detected using an ECL chemiluminescent detection system. GAPDH expression was used as an internal reference to detect the relative expression of target proteins. Antibodies used were as follows: SIRT5 (SantaCruz; sc-271635; 1/1000), CS (SantaCruz; sc-390693; 1/1000), AntiSuccinyllysine Mouse mAb (PTM Biolabs, PTM0419; 1/1000), glyceraldehyde 3 -phosphate dehydrogenase (GAPDH) (Bioss; bs-10900R; 1/10,000); Rabbit Anti-Bax antibody (Bioss; bs-0127R; 1/1000); Rabbit Anti-Caspase-3 antibody (Bioss; bs-0081R; 1 1/1000); Bcl2 Monoclonal antibody (proteintech; 66799-1-Ig; 1/1000).





Cell transfection

Mutations were introduced at the K375 site of CS to simulate succinylation and de-succinylation by substituting arginine (R) and glutamic acid (E), respectively (Zebrafish Biotech Co.,Ltd,Nanjing,China). The mutated plasmids were then transfected into HepG2 cells. Cells (5 × 10^5 cells/well) were seeded in 6-well plates a few days prior to transfection. Once the cells reached 60-80% confluence, transfection was performed using Lipofectamine 3000 (Thermo Fisher Scientific Waltham, MA, USA).





Co-immunoprecipitation assay

Co-IP was performed to examine the interaction between SIRT5 and CS in cells. After washing the cells twice with ice-cold PBS, they were lysed in Radio Immunoprecipitation Assay (RIPA) buffer containing a proteinase inhibitor for 30 minutes on ice. The cell lysate was then centrifuged at 12,000 g for 10 minutes at 4°C, and the supernatant was collected. An aliquot of 10 µL was retained as the input control. The remaining supernatant was incubated with SIRT5, CS, or IgG antibodies (2 µg) along with Protein G Plus-Agarose Immunoprecipitation reagent (YJ201, Epizyme Biomedical Technology Co., Ltd,Shanghai,China) overnight at 4°C. IgG was used as a negative control. After incubation, the immunocomplexes were washed three times with lysis buffer. The immunoprecipitated proteins were eluted by boiling in 1× loading buffer at 100°C for 10 minutes. The resulting protein-protein complexes were analyzed by Western blotting. Protein signals were detected and quantified using the Tanon 5200 system (Tanon Science & Technology Co.,Ltd,Shanghai, China). Antibodies used were as follows: goat anti-rabbit IgG (Proteintech; 30000-0-AP; 1/500).





Mito-tracker red CMXRos staining

To measure the level of biologically active mitochondria in cells, the cells were incubated with 200 nM Mito-Tracker Red CMXRos working solution (C1035, Beyotime Biotechnology Co.,Ltd, Shanghai,China) at 37°C in the dark for 20 minutes. After incubation, the cells were washed three times with warm PBS. The stained cells were then observed under a Spectral laser scanning confocal microscopy system to visualize the mitochondrial distribution and activity(FV10i,Olympus Corporation,Tokyo, Japan).





Measurement of intracellular reactive oxygen species

To measure the intracellular ROS levels, the cells were seeded in a 6-well plate and cultured for 24 hours. Then, H2DCF-DA (10 μM) was added to the cells, and the cells were incubated at 37°C for 20 minutes according to the manufacturer’s instructions (S0033, Beyotime Biotechnology Co.,Ltd, Shanghai,China). After incubation, the cells were observed and analyzed using an inverted fluorescence microscope(Axio Oberser A1,Carl Zeiss,Germany) to detect ROS levels.





EDU-based cell proliferation assay

Cell proliferation was assessed using the Meilun EdU Cell Proliferation Kit with Alexa Fluor 488 (MA0424, Meilun Biotechnology Co., Ltd,Dalian,China). Briefly, the cells were treated as instructed and incubated with 50 μM EdU for 2 hours. After incubation, the cells were fixed and permeabilized. EdU staining was then performed using the EdU reaction solution. Cell nuclei were stained with Hoechst 33342. Finally, images were captured using an inverted fluorescence microscope (Axio Oberser A1,Carl Zeiss,Germany)to assess cell proliferation.





Colony formation assay

For the colony formation assay, 500 cells were seeded in a 6-well plate and cultured at 37°C for 2 weeks. Afterward, the colonies were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet for 10 minutes. The number of colonies was then counted.





Citrate synthase activity

Cells were seeded into a 6-well plate and incubated at 37°C for 24 hours. After incubation, mitochondria were isolated from the cells to measure citrate synthase activity using a citrate synthase activity assay kit (BC1060,Solarbio Science&Technology co.,Ltd,Beijing,China)following the manufacturer’s protocol.





Measurement of cellular ATP levels

Cells were seeded in a 96-well plate and incubated for 24 hours. The ATP content was measured using an ATP assay kit (S0026, Beyotime Biotechnology Co.,Ltd, Shanghai,China) according to the manufacturer’s instructions. The ATP levels in the cells were quantified by spectrophotometry(SpectraMaxi3,Molecular Devices,Austria)





TUNEL assay for apoptosis detection

Cells (80-90% confluence) were seeded into a 12-well plate and incubated at 37°C for 24 hours. After incubation, the cells were washed twice with PBS. The control and treated groups were fixed with 4% paraformaldehyde for 30 minutes, followed by permeabilization with 0.3% Triton X-100 for 15 minutes. The cells were then stained with TUNEL reagent for 60 minutes and DAPI for 10 minutes to stain the nuclei. Finally, the cells were washed twice with PBS. Tunel Cell Apoptosis Detection Kit(G1502,Servicebio Technology CO.,LTD,Wuhan,China)The apoptotic cells were observed under a fluorescence microscope(Axio Oberser A1,Carl Zeiss,Germany).





Flow cytometry

Mitochondrial Membrane Potential Assay: The JC-1 dye(G1515,Servicebio Technology CO.,LTD,Wuhan,China) was used to stain the mitochondrial transmembrane potential, and flow cytometry was employed to analyze the stained cells.

Measurement of Intracellular ROS: Following the manufacturer’s instructions, intracellular ROS levels were measured using a reactive oxygen species detection kit (S0033, Beyotime Biotechnology Co.,Ltd, Shanghai,China). Briefly, cells were seeded in a 6-well plate and incubated for 24 hours. Then, H2DCF-DA (10 μM) was added, and the cells were incubated at 37°C for 20 minutes. Finally, flow cytometry was used to analyze the stained cells.

Cell Apoptosis Analysis: Cell apoptosis was detected using the Annexin V-FITC apoptosis detection kit (AF2020, LABLEAD,Beijing,China) according to the manufacturer’s standard protocol. Briefly, cells were collected and resuspended in binding buffer, followed by incubation with Annexin V-FITC for 15 minutes. Apoptosis was analyzed by flow cytometry(BD FACSVerse,BD Biosciences Franklin Lakes, NJ, USA), detecting the different fluorescence signals from the cells.





Statistical analysis

Data analysis was performed using Prism 8 (GraphPad Software). A p-value of <0.05 was considered statistically significant. The normality of the data was assessed using the Shapiro-Wilk test. The homogeneity of variances between two groups was tested using the F-test, while the Brown-Forsythe test was used to assess the homogeneity of variances across multiple groups. Statistical differences between two groups were analyzed using the Student’s t-test, while comparisons among multiple groups were performed using one-way analysis of variance (ANOVA) followed by t-tests. Data are presented as mean ± standard deviation (SD). For non-normally distributed data, the non-parametric Kruskal-Wallis rank-sum test was used.






Results




Succinylation proteomics reveals high succinylation levels of CS in HCC tissues

Using 4D-Label-free technology, we analyzed the proteins in tumor and adjacent tissues from five HCC patients. A total of 787,211 secondary spectra were obtained through mass spectrometry. After searching the spectra against theoretical protein databases, 104,359 valid spectra were identified. From these spectra, 18,441 peptides were identified, of which 8,542 were modified peptides. In total, 1,962 proteins were identified. PCA analysis of the proteins from tumor and adjacent tissues was performed, and the results revealed that the PCA explained 28.8% of the total variance between the two groups. PC1 and PC2 accounted for 21% and 7.8% of the overall variation, respectively. A clear separation trend was observed between the differentially modified proteins in the two groups, indicating a significant difference in the succinylation-modified proteins between tumor and adjacent tissues (Figure 1A).
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Figure 1 | (A) PCA analysis of differentially modified proteins, with red representing tumor tissue and blue representing adjacent non-tumor tissue. (B) Volcano plot of differentially modified proteins. (C) GO enrichment analysis of differentially modified proteins. (D) KEGG enrichment analysis of differentially modified proteins. (E) Subcellular localization enrichment of differentially modified proteins.

Next, we set a threshold of P<0.05 and Log FC > 1.5 for significantly upregulated modifications, and Log FC < -1.5 for significantly downregulated modifications. As a result, we identified 358 differentially modified proteins, including 342 upregulated and 16 downregulated proteins (Figure 1B). To gain a comprehensive understanding of the differentially modified proteins identified in the dataset, we performed detailed annotations from various perspectives, including Gene Ontology (GO), KEGG pathways, and subcellular localization, to better understand the functions and characteristics of these proteins. The GO annotation was categorized into three main classes: Biological Process (BP), Cellular Component (CC), and Molecular Function (MF), each providing insights into the biological roles of these differentially modified proteins. The GO analysis showed that the differentially modified proteins were primarily enriched in the following categories: in BP, they were mainly associated with the carboxylic acid metabolic process, carboxylic acid catabolic process, and monocarboxylic acid metabolic process; in CC, they were mainly enriched in the mitochondrion, mitochondrial part, and mitochondrial matrix; and in MF, they were predominantly involved in oxidoreductase activity, coenzyme binding, and cofactor binding (Figure 1C). The KEGG analysis revealed that the differentially modified proteins were predominantly enriched in pathways related to valine, leucine, and isoleucine degradation, carbon metabolism, and fatty acid degradation (Figure 1D). Additionally, subcellular localization analysis of the differentially modified proteins showed that they were primarily localized in the mitochondria, cytoplasm, extracellular space, nucleus, plasma membrane, and endoplasmic reticulum (Figure 1E).

Finally, we retrieved the differential modification protein interaction relationships by comparing the database IDs or protein sequences with the STRING (v.10.5) protein-protein interaction database. A confidence score > 0.7 (high confidence) was set as the threshold for extracting the interactions. The resulting protein-protein interaction network of differentially modified proteins was then visualized using Cytoscape software. After visualization, we used the CytoNCA plugin to calculate the centrality of each protein in the PPI network based on degree centrality. The size and color depth of the protein nodes were determined according to the centrality values, with higher centrality corresponding to larger node size and darker color intensity (Figure 2A). The CytoNCA results indicated that Citrate Synthase (CS) had the highest score in the PPI network. We hypothesize that the succinylation of CS may play a crucial role in the initiation and progression of HCC (Figure 2B). After reviewing relevant literature, we learned that CS can be targeted by other host factors, which regulate its function by inducing modifications. Additionally, we discovered that some studies have confirmed that CS serves as a substrate for NAD-Dependent Protein Deacylase Sirtuin-5 (SIRT5), and SIRT5 can induce the desuccinylation of CS.

[image: A composite image consists of several panels. Panel A shows a complex network diagram with interconnected nodes, highlighting genes in pink and a central circle in darker pink. Panel B is a table listing seven genes and their degree values. Panel C and D are box plots comparing gene expression levels in healthy and HCC samples for SIRT5 and CS genes, respectively, with significant differences marked. Panels E and F depict ROC curves for SIRT5 and CS genes, displaying AUC values for both.]
Figure 2 | (A) PPI network of differentially modified proteins; (B) Importance scores of key proteins in the PPI network; (C, D) Box plots of the differential expression of CS and SIRT5; (E, F) AUC curves and confidence intervals for CS and SIRT5 expression. P < 0.05 (*), and P < 0.001 (***).

To further contextualize our experimental findings, we analyzed expression data from the GSE84402 dataset. CS was significantly upregulated and SIRT5 markedly downregulated in HCC tissues compared to normal controls (Figures 2C, D). Although transcript-level data do not directly reflect protein activity or post-translational modification, these results support the pathological relevance of CS/SIRT5 dysregulation in HCC. Moreover, ROC analysis demonstrated that the expression of CS and SIRT5 could distinguish HCC from normal tissue with high accuracy (Figures 2E, F), thereby reinforcing the rationale for exploring their mechanistic interplay in mitochondrial metabolism and apoptosis regulation in liver cancer cells.





Differential expression of SIRT5 and CS in normal and HCC samples

We further explored the expression of SIRT5 and CS in human HCC and adjacent tissues using the HPA database. Immunohistochemical (IHC) results revealed that, compared to adjacent tissues, the expression of SIRT5 was significantly lower in HCC tissues, whereas the expression of CS was significantly higher (Figures 3A, B). To enhance the reliability of our findings, we also conducted IHC (Figures 3C, D), RT-qPCR (Figures 3E, F), and Western blotting (WB) (Figures 3I–K) experiments in normal and HCC mouse liver tissues. The results showed that SIRT5 expression was significantly reduced (P<0.05) in HCC mouse liver tissues compared to normal liver tissues, while CS expression was significantly increased (P<0.05) in HCC mouse liver tissues. These findings in mouse liver tissues were consistent with those observed in the HPA data for human samples.

[image: Immunohistochemical images and bar graphs illustrate the expression of SIRT5 and CS in control and HCC tissues. Panels A and B show tissue staining, with control on the left and HCC on the right. Panels C and D provide closer views of the stained tissues. Bar graphs E and F display the expression areas of SIRT5 and CS, respectively, showing significant differences between control and HCC groups. Graphs G and H depict relative mRNA expression levels. Panel I presents Western blot results, while J and K highlight the relative expression levels of SIRT5 and CS proteins compared to GAPDH.]
Figure 3 | (A, B) Expression of SIRT5 (A) and CS (B) in pathological tissue sections from the HPA database. (C, D) IHC staining of SIRT5 (C) and CS (D) in normal and HCC mouse liver tissues (n=3). (E, F) Bar plots showing the differences in positive expression of SIRT5 and CS in normal and HCC mouse liver tissues (n=3). (G, H) Bar plots showing the differential mRNA expression of CS and SIRT5 in normal and HCC mouse liver tissues (n=3). (I) Protein expression of CS and SIRT5 in normal and HCC mouse liver tissues. (J, K) Bar plots showing the differential protein expression of CS and SIRT5 in normal and HCC mouse liver tissues (n=3). P < 0.05 (*), P < 0.01 (**).





SIRT5 induces de-succinylation of CS

To determine whether there is an interaction between SIRT5 and CS, as well as the nature of this interaction, we first performed immunoprecipitation (Co-IP) assays. The results confirmed a significant interaction between SIRT5 and CS (Figure 4A). Next, we performed succinylation detection on the liver tissues of both normal and HCC mice. The results showed a significant increase in succinylation levels in the liver tissues of HCC mice (Figures 4B, C). Subsequently, we treated HepG2 cells with either the SIRT5 inhibitor (Et-29) or the SIRT5 activator, Resveratrol (RES), and assessed the succinylation levels in both groups of cells using an anti-succinylation pan-antibody. The results revealed that after the addition of the SIRT5 inhibitor, the succinylation levels in HepG2 cells were significantly elevated, while treatment with the SIRT5 activator resulted in a significant decrease in succinylation levels. These findings demonstrate that the inhibition/activation of SIRT5 can significantly modulate the overall succinylation levels in HepG2 cells (Figures 4D–G). Finally, we assessed the succinylation levels of CS in HepG2 cells treated with either the SIRT5 inhibitor or the SIRT5 activator. The results showed that when SIRT5 was inhibited, the succinylation levels of CS were significantly elevated. In contrast, upon SIRT5 activation, the succinylation levels of CS were significantly reduced(Figures 4H–K). These findings confirm that the succinylation levels of CS are directly regulated by SIRT5. In our previous post-translational modification proteomics analysis, we observed that the succinylation levels of CS were significantly elevated in tumor tissues from HCC patients. Additionally, we identified four specific lysine sites on CS that undergo succinylation, namely K43, K103, K321, and K375. After comparing the CS sites across various mammalian species, we found that the four succinylation sites on CS, namely K43, K103, K321, and K375, are highly conserved in mammals. Upon further quantitative analysis of these four CS succinylation sites, we discovered that the succinylation level at the K375 site exhibited the most significant differential expression between tumor and adjacent normal tissues in HCC patients(Figures 4L, M). Therefore, we hypothesize that the K375 site of CS may be the most critical site for succinylation modification in HCC.

[image: A scientific image featuring multiple panels illustrating protein expression and analysis results. Panel A shows bands from an immunoblot experiment involving CS, SIRT5, and GAPDH. Panel B displays a Pan-succo blot comparing Control and HCC, with a bar chart (C) quantifying expression levels. Panels D and E compare Pan-succo profiles of HepG2 and Et-29, and with RES, with corresponding bar graphs (F, G) showing expression comparisons. Panels H and I depict CS and GAPDH expression in HepG2 versus Et-29 and RES. Panel L compares amino acid sequences across species. Panel M is a data table with gene positions, C/N ratios, PEP values, and scores.]
Figure 4 | (A) Co-immunoprecipitation of CS and SIRT5. (B, C) Succinylation expression levels and differential expression bar graphs in normal mouse liver and HCC mouse liver tissues. (D, F) Succinylation level differences between HepG2 cells and HepG2 cells treated with Et-29 (n=3). (E, G) Succinylation level differences between HepG2 cells and HepG2 cells treated with RES (n=3). (H, J) Differential succinylation levels of CS in HepG2 cells and HepG2 cells treated with Et-29 (n=3). (I, K) Differential succinylation levels of CS in HepG2 cells and HepG2 cells treated with RES (n=3). (L) Comparison of succinylation modification sites on CS across different mammals. (M) Ratio, PEP, and Score of succinylation modification sites on CS. P < 0.05 (*), P < 0.01 (**).





Succinylation of the K375 site of CS promotes HepG2 cell survival

To clarify the effect of CS K375 succinylation on tumor cells, we mutated lysine (K) to glutamic acid (E) to mimic succinylation, and K to arginine (R) to mimic dessuccinylation. The mutant plasmids were transfected into HepG2 cells. In our previous succinylation proteomics analysis, we observed that differentially modified proteins were predominantly enriched in the mitochondria. Therefore, we first investigated the effects of CSK375E and CSK375R on the mitochondria in HepG2 cells. The results showed that, compared to normal HepG2 cells, the mitochondrial fluorescence intensity in HepG2 cells transfected with CSK375E was significantly increased. In contrast, the mitochondrial fluorescence intensity in HepG2 cells treated with CSK375R was significantly reduced (Figures 5A, B). This confirms that the succinylation of the CSK375 site significantly enhances mitochondrial activity in HepG2 cells. Subsequently, we measured the ROS fluorescence in all three groups of cells. The results showed that the ROS fluorescence intensity in HepG2 cells treated with CSK375E was significantly reduced compared to normal HepG2 cells. Although the difference between the two groups was not statistically significant, the ROS fluorescence intensity in cells treated with CSK375R was significantly increased. These findings suggest that the succinylation of the CSK375 site also regulates the expression of ROS in HepG2 cells (Figures 5C, D). Next, we assessed the proliferation levels of the three groups of cells using EdU staining. The results showed that the proliferation of HepG2 cells was significantly increased after treatment with CSK375E, while the proliferation of cells treated with CSK375R was notably reduced (Figures 5E, F). Additionally, we measured the ATP content in the three groups of cells, and the results revealed that the ATP levels were significantly higher in the CSK375E-treated cells, whereas ATP levels were significantly lower in the CSK375R-treated cells (Figure 5I). Then, we inoculated 200 cells from each of the three groups into a 6-well plate for colony formation assays. After two weeks of cell culture, colonies were stained with crystal violet and counted. The results showed that the number of colonies was significantly increased in the CSK375E-treated HepG2 cells, while the number of colonies was significantly reduced in the CSK375R-treated cells (Figures 5G, H).Finally, we measured citrate synthase activity using a commercial assay kit.The results showed that CS enzyme activity was significantly increased after treatment with CSK375E,while the CS enzyme activity was notably reduced after treated with CSK375R (Figure 5J). After a series of tests, we conclude that succinylation at the K375 site of CS may enhance the CS enzyme activity, mitochondrial activity and ATP content in HepG2 cells, while also reducing ROS levels, ultimately promoting cell proliferation.

[image: Microscopic images and graphs illustrate cellular assays with HepG2, 375E, and 375R cell lines. Panels A and B show mitochondria density with fluorescence staining and a bar graph comparing the cell lines. Panels C and D demonstrate ROS density with fluorescence and associated graph. Panels E and F detail EDU incorporation with images and a graph. Panel G displays colony formation in petri dishes. Graphs H, I, and J compare relative colony number, ATP content, and CS activity, respectively. The analysis highlights differences in cellular functions among the cell lines.]
Figure 5 | (A, B) Comparison of mitochondrial fluorescence intensity in HepG2, CSK375E, and CSK375R treated cells (n=3); (C, D) Comparison of ROS fluorescence intensity in HepG2, CSK375E, and CSK375R treated cells (n=3); (E, F) Comparison of cell proliferation in HepG2, CSK375E, and CSK375R treated cells (n=3); (G, I) Comparison of colony formation in HepG2, CSK375E, and CSK375R treated cells (n=3); (H) Comparison of ATP levels in HepG2, CSK375E, and CSK375R treated cells (n=3). (J) CS enzyme activities of HepG2, CSK375E, and CSK375R. P < 0.05 (*), P < 0.01 (**).





SIRT5 activation significantly inhibits CS succinylation at site 375 and promotes apoptosis in HepG2 cells

In our previous study, we have already confirmed that the succinylation modification of the CS K375 site promotes the proliferation of HepG2 cells. Additionally, we found that activation of SIRT5 can significantly inhibit the succinylation of CS at the K375 site. Therefore, we treated K375E HepG2 cells with a SIRT5 activator to determine whether the activation of SIRT5 can reverse the effects of K375E treatment in HepG2 cells. First, we assessed the mitochondrial fluorescence intensity in both groups of cells. After treatment with the SIRT5 activator, the mitochondrial fluorescence intensity in K375E HepG2 cells significantly decreased (Figures 6A, B). Conversely, the intracellular ROS fluorescence intensity and levels significantly increased (Figures 6C–F). Additionally, we examined the JC1 levels and cell proliferation rates in the two groups. The results showed a significant reduction in JC1 levels in K375E HepG2 cells treated with the SIRT5 activator (Figures 6G, H), while the EDU (Figures 6I, J) and colony formation (Figures 6K, L) assays demonstrated a marked decrease in HepG2 cell proliferation.

[image: Microscopy images and graphs comparing different treatments: Panels A, C, and I display fluorescence microscopy of cells stained for mitochondria, ROS, and EDU, respectively, with DAPI for nuclei, showing differences between 375E and RES+375E conditions. Panels B, D, F, H, J, and L are bar graphs quantifying relative mitochondrial density, ROS density, fluorescence intensity, EDU proportion, and colony formation, highlighting notable reductions in the RES+375E group. Panels E and G are flow cytometry graphs showing distribution shifts in the treatments. Panel K shows petri dishes with cell colonies for comparison of colony numbers.]
Figure 6 | (A, B) Comparison of mitochondrial fluorescence intensity between K375E cells and K375E cells treated with RES (n=3); (C, D) Comparison of ROS fluorescence intensity between K375E cells and K375E cells treated with RES (n=3); (E, F) Comparison of ROS flow cytometry levels between K375E cells and K375E cells treated with RES (n=5); (G, H) Comparison of JC1 flow cytometry levels between K375E cells and K375E cells treated with RES (n=5); (I, J) Comparison of EDU levels between K375E cells and K375E cells treated with RES (n=3); (K, L) Comparison of colony formation numbers between K375E cells and K375E cells treated with RES (n=3). P < 0.05 (*), P < 0.01 (**).

Next, we examined the apoptotic levels and ATP content in both groups of cells. TUNEL fluorescence assays showed that after treatment with the SIRT5 activator, the apoptosis rate of HepG2 cells significantly increased (Figures 7A, B). We also performed flow cytometry analysis of apoptosis in both groups (Figures 7G, H), and the results were consistent with the trend observed in the TUNEL assay. The ATP results revealed a significant reduction in ATP content in HepG2 cells treated with the SIRT5 activator (Figure 7I). Additionally, we used Western blot (WB) to assess the protein expression levels of BAX, Bcl-2, and caspase-3 in both groups. The results showed that the expression levels of BAX and caspase-3 significantly increased after treatment with the SIRT5 activator, while Bcl-2 expression significantly decreased (Figures 7C–F). Through the above experimental methods, we found that the succinylation of the CS K375 site can promote HepG2 cell proliferation. However, after treatment with the SIRT5 activator, the proliferation of HepG2 cells induced by K375E was significantly reversed, and apoptosis in HepG2 cells was also promoted.

[image: Comparison of apoptosis and expression levels between 375E and RES+375E samples. Panels A-E and G-I detail TUNEL and DAPI staining, protein expression levels of BAX, Bcl-2, and caspase 3, apoptosis rates, and cell ATP content. Significant differences are indicated with asterisks. Panel G shows flow cytometry plots with quadrants highlighted. Data highlight increased apoptosis and protein expression in RES+375E compared to 375E.]
Figure 7 | (A, B) Comparison of TUNEL fluorescence between K375E cells and K375E cells treated with RES (n=3); (C–F) Comparison of BAX, Bcl-2, and caspase3 protein expression levels between K375E cells and K375E cells treated with RES (n=3); (G, H) Comparison of apoptosis flow cytometry levels between K375E cells and K375E cells treated with RES (n=5); (I) Comparison of ATP levels between K375E cells and K375E cells treated with RES (n=3). P < 0.05 (*), P < 0.01 (**).






Discussion

Lysine succinylation is an evolutionarily conserved PTM that affects the activity, stability, and localization of various proteins, particularly metabolic enzymes (24–26). It plays a key role in regulating numerous biological processes within the cell, such as mitochondrial metabolism, energy production, and oxidative stress responses (27–29). Succinylation has been reported to be closely associated with liver diseases (30).Succinyl-CoA derived from the TCA cycle serves as the primary substrate for succinylation. The accumulation of succinyl-CoA, as well as the knockout of the desuccinylase SIRT5, both induce histone hypersuccinylation (31). In liver cancer tissues, the level of succinylation is higher than in adjacent tissues, and elevated succinylation is associated with poorer prognosis. However, its underlying mechanisms remain largely unclear. The study revealed that SIRT5 deletion in YAP+ hepatocytes upregulated ACOX2 succinylation and activity, thereby promoting HCC immune evasion and growth (22). In addition, OXCT1-mediated LACTB succinylation inactivated this tumor suppressor, which accelerated hepatocarcinogenesis (32).Given the complex role of succinylation signaling in HCC, further studies are warranted to explore the underlying mechanisms by which succinylation contributes to hepatocarcinogenesis and progression. To comprehensively explore lysine succinylation events in HCC, we employed an unbiased, global proteomic strategy rather than targeting a specific protein. This enabled us to systematically identify high-confidence and disease-relevant modification sites and regulatory enzymes. In this study, we found that the expression of the de-succinylase SIRT5 is reduced in human liver cancer tissues, which promotes lysine succinylation in HCC. CS exhibits high levels of succinylation, and its expression is significantly increased in tumor tissues. Importantly, we discovered that high succinylation at the K370 site of CS enhances mitochondrial metabolism and promotes the proliferation of liver cancer cells. These findings suggest that CS succinylation may contribute to the progression of HCC.

CS is a crucial mitochondrial enzyme located in the nuclear DNA, synthesized in the cytoplasmic ribosomes and subsequently transferred to the mitochondrial matrix, where it catalyzes the conversion of acetyl-CoA and oxaloacetate into citrate. CS serves as a key node linking glycolysis and the TCA cycle (33), determining the flux of the entire TCA cycle and the energy generated by intracellular metabolic processes (34). Additionally, CS is a quantitative marker for mitochondrial integrity, function, quality, and mitochondrial respiratory chain enzymes (35, 36).

The role of CS in the development of cancer remains insufficiently explored, and CS may play a dual role in tumorigenesis. In ovarian cancer, the expression of CS is upregulated, promoting cell proliferation, invasion, and migration (37). In cervical cancer cells, inhibition of citrate synthase expression induces epithelial-mesenchymal transition (EMT), thereby enhancing the malignant characteristics of tumor cells (38). This study found that the level of succinylation of CS is elevated in human liver cancer tissues, and the expression of CS protein is significantly increased. However, the mechanisms regulating CS post-translational modifications and its functional role in liver cancer progression remain unclear. Research indicates that succinyltransferases and de-succinylases promote or inhibit the progression of various cancers by regulating the succinylation levels of substrate targets (39–41).SIRT5, the only known mitochondrial desuccinylase, is associated with metabolic disorders and cancer (42, 43). Park’s work showed that SIRT5 is a central regulator of Lys succinylation in mammalian cells, they identified SIRT5 preferentially targets enzymes involved in the TCA cycle and fatty acid metabolism. Notably, critical metabolic enzymes including CS, SDHA, and IDH2 were found to be regulated by SIRT5-mediated desuccinylation (16).Further investigation by Rardin. et al. identified specific lysine succinylation sites on CS that are regulated by SIRT5 (44).In addition, SIRT5 deficiency has been associated with enhanced succinylation of CS in both colorectal tumor model and subarachnoid hemorrhage model (23, 45).These findings demonstrate that SIRT5 directly interacts with CS, and its downregulation results in hyper-succinylation of CS. In this study, we found that the expression of SIRT5 protein is decreased in human liver cancer tissues and HCC mice, and the reduced expression of SIRT5 is associated with elevated succinylation levels of CS. Furthermore, we observed that the inhibition or activation of SIRT5 significantly regulates the overall succinylation levels of CS in HepG2 cells. This study suggests that SIRT5-mediated regulation of CS succinylation may serve as a novel therapeutic target for hepatocellular carcinoma.

LC-MS/MS analysis revealed that a decrease in SIRT5 expression leads to a significant increase in the succinylation of four lysine residues (K43, K103, K321, K375) in CS, and these modifications are highly conserved across different species. We found that the succinylation level of the K375 residue in CS exhibited the most significant expression difference between tumor tissues and adjacent normal tissues in patients with HCC. Therefore, we utilized CS K375E and K375R mutants to simulate succinylation and desuccinylation of CS, respectively, to further investigate the mechanism by which CS succinylation affects the progression of hepatocellular carcinoma. Prior research indicating that succinylation may influence protein conformation and substrate-binding efficiency by introducing localized negative charges (16). In this study, we found that the CS K346R mutant, which simulates the desuccinylation of CS, resulted in decreased CS enzyme activity, significantly reduced mitochondrial activity and ATP levels, increased ROS levels, and markedly inhibited the proliferation of liver cancer cells. In contrast, succinylation at the K375 site promoted the proliferation of HepG2 cells. In summary, this finding suggests that SIRT5-mediated de-succinylation of K375 in CS, through reducing CS expression, leads to impaired TCA cycle function, disrupted mitochondrial energy metabolism, decreased membrane potential, and triggered mitochondrial oxidative stress, ultimately resulting in apoptosis of HepG2 cells.

Previous studies have demonstrated that various Sirtuin family members contribute to metabolic reprogramming in hepatocellular carcinoma through distinct mechanisms. While SIRT1, SIRT3, and SIRT6 regulate glycolysis, lipid metabolism, and epigenetic remodeling via acetylation and deacetylation (46–48), SIRT5 is uniquely localized in mitochondria and governs energy-rich acyl modifications such as succinylation and glutarylation. Unlike acetylation, which often alters protein-protein interactions or nuclear localization, succinylation can introduce larger structural and electrostatic changes, more profoundly impacting enzyme catalysis (49). In this study, we focus on SIRT5-mediated desuccinylation of CS, revealing a novel regulatory layer of mitochondrial metabolic adaptation in HCC. Our findings suggest that succinylation of CS at K375 may represent a precise regulatory mechanism of mitochondrial function and a potential target for HCC metabolic intervention.

However, this study encompasses several limitations that merit careful consideration. First, although the role of SIRT5-mediated CS desuccinylation has been elucidated through in vitro experiments and mouse models, its validation within large-scale clinical HCC cohorts remains to be conducted. Second, while site-directed mutations at K375 (K375E/K375R) effectively mimic succinylation states, their physiological relevance necessitates further substantiation via knock-in mouse models or patient-derived xenograft (PDX) systems. Third, our investigation predominantly concentrated on the metabolic ramifications of CS succinylation within mitochondria, leaving unexplored its potential contributions to tumor microenvironment remodeling, immune regulation, and therapeutic resistance. Future studies will comprehensively delineate the mechanistic and translational implications of CS succinylation in hepatocellular carcinoma pathogenesis.





Conclusion

In summary, Overall, we discovered through succinylome profiling that there is a significant difference in the succinylation of CS between liver cancer tissue and adjacent tissue. Additionally, both in vivo and in vitro experiments confirmed that high succinylation of CS can enhance mitochondrial activity, thereby promoting the proliferation of liver cancer cells. Finally, we also found that SIRT5 can reverse the high succinylation of CS and induce apoptosis in liver cancer cells, exerting an anti-tumor effect.
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Parameter HCC (h=100)

Age (Years) Mean+SD 56.1 £ 10.7 3348 + 11.7
Sex (Male, %) 86 (86%) 95 (86.34)
Etiology (n)
HBV 38 (38%)
HCV 34 (34%)
Alcohol 5 (5%)
HBV + HCV 5 (5%)
NASH 10 (10%)
HVOTO 1 (1%)
Cryptogenic 7 (7%)
Bilirubin (mg%) 1.1 £0.66 0.58 £ 0.25
Total protein (gm %) 7.310.72 7.1+ 1.02
Albumin (gm %) 3.8+0.63 431+ 0.68
AST IU/L 70.4+40.2 25.8 +9.36
ALT TU/L 52.9431.1 33.6 + 135
SAP IU/L 288.1+162.5 1644 + 713
PT (seconds) 14.1£2.5
INR 1.240.24
Abdominal pain (n) 23 (23%)
Tumour Size (cm) 444 +3.08
Single Tumour (n) 58 (58%)
Multiple Tumour (n) 42 (42%)
Weight loss (n) 29 (29%)
GI bleed (n) 6 (6%)
Ascites (n) 21 (21%)
Hemoglobin (gm %) 11.85 + 2.08
Total Leucocyte counts 5525 +2924
per mm3
Total platelets count per mm3 132.7+86.9
Blood Urea (mg %) 27.8+ 13.6
Creatinine (mg %) 0.85+0.28
Alfa-feto protein (ng/ml, range) 29.15
(1.01-100000)
BCLC Stage (n)
A 44 (44%)
B 46 (46%)
[@ 8 (8%)
D 2 (2%)
Performance status (n)
PST 0 86 (86%)
PST 1 11 (11%)
PST 2 3 (3%)
CTP Score (n)
1 76 (76%)
2 21 (21%)
3 3 (3%)
Loco-regional Therapy (n) n=88
PAI 6 (6.8%)
RFA 14 (15.9%)
TACE 67 (76.1%
TARE 1(1.2%)
Tumour Response (n) n=88
Complete Response 44 (50%)
Partial Response 21 (23.9%)
Progressive Disease 23 (26.1%)

All values are expressed as n (%) or (mean + SD) unless otherwise specified.

HBV, Hepatitis B virus; HCV, Hepatitis C virus; NASH, Nonalcoholic steatohepatitis;
HVOTO Hepatic venous outflow tract obstruction; AST, Aspartate aminotransferase; ALT,
Alanine aminotransferase; SAP, Serum alkaline phosphatase; PT, Prothrombin time; BCLC,
Barcelona Clinic Liver Cancer; CTP, Child-Turcotte-Pugh; PST, Performance Status; RFA,
Radio frequency ablation; PAI, Percutaneous acetic acid injection; TACE, Trans-arterial
chemoembolization; TARE, Trans-arterial Radioembolization.
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Events, n (%)

Tricom
cohort (n=86)

Standard

cohort(n=35)

An An
Y Grade>3 Y Grade>3
grade =~ grade =
All 47 (547%) | 17 (19.8%) 15 (42.9%) | 4 (11.5%)
Hypohepatia 23 (258%) | 10 (11.6%) | 8 (229%) 3 (8.6%)
Hand-
an 16 (19%) 6 (7.0%) 5(143%) | 1(2.9%)
foot syndrome
troi tinal
Gastrotneetin 12 (135%) | 1 (1.2%) 3 (8.6%) 0
reaction
Hematolgic 13 (14.6%) | 0 3 (8.6%) 0
toxicity
hypothyroidism 13 (14.6%) | 0 3 (8.6%) 0
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Standard

cohort (n=35)

Sex

Male 39 (45%) 24 (69%)

Female 47 (55%) 11 (31%)
Age (year) 60 (36~82) » 57 (39~72)
ECOG PS

0 16 (19%) 0 (0%)

1 68 (78%) 34 (97%)

2 2 (3%) 1 (3%)
Primary site
blaiilr 23 (27%) 6 (17%)
du]iﬂmy 63 (73%) 29 (83%)
CEA

>5 35 (40%) 21 (60%)
CA199

>37 54 (63%) 27 (77%)
Distant metastasis

Yes 86 (100%) 34 (97%)
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Standard

cohort(n=35)

ORR 32 (37.2%) 1 (2.8%)
CR 1 (1.2%) 0 (0%)
PR 31 (36.0%) 1(2.8%)
SD 45 (52.3%) 24 (68.6%)
PD 9 (10.5%) 10 (28.6%)
DCR 77 (89.5%) 25 (71.4%)
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AFP response(n=55) AFP non-response(n=33) DCP response(n=42) DCP non-response(n=49)

Median PFS, mon 14.2 6.2 Median PFS, mon 21.1 9.5

log-rank p 0.005 log-rank p 0.002

100 100

~
(3}
~
(3]

A
o
AN
o

N
(3}
N
(3}

Progression-free survival(%o)
Progression-free survival(%o)

0 0
0 6 12 18 24 30 0 6 12 18 24 30
Months Months
No.at risk No.at risk
== AFP response 55 49 32 12 2 1 == DCP response 42 39 27 9 2 0
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A B

AFP response(n=55) AFP non-response(n=33) DCP response(n=42) DCP non-response(n=49)
Median OS, mon not reached 21.9 Median OS, mon not reached 20.6
log-rank p 0.012 log-rank p 0.007
100 100
S 75 S 75
= =
Z Z
: :
= 50 = 50
B £
S &
25 25
0 0
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Months Months
No.at risk No.at risk
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Charactel Total High-AF High-DCP

Sample size 95 88 91
Age, years

<50 25(26.3) 24(27.3) 25(27.5)

>50 70(73.7) 64(72.7) 66(72.5)
Chronic liver disease

HBV 89(93.7) 83(94.3) 85(93.4)

Others 6(6.3) 5(5.7) 6(6.6)
Gender

Male 88(92.6) 81(92.0) 84(92.3)

Female 7(7.4) 7(9.0) 7(7.7)
Vascular invasion

No 20(21.1) 18(20.5) 20(22.0)

Yes 75(78.9) 70(79.5) 71(78.0)
Extrahepatic spread

No 77(81.0) 71(80.7) 74(81.3)

Yes 18(19.0) 17(19.3) 17(18.6)
BCLC stage

B 9(9.5) 8(9.1) 9(9.9)

(c 86(90.5) 80(90.9) 82(90.1)
Child-pugh

A 73(76.8) 66(75.0) 70(75.3)

B 22(23.2) 22(25.0) 21(24.7)
ALBI grade

1 18(19.0) 16(18.2) 17(18.7)

i 77(81.0) 72(81.8) 74(81.3)

Platelet count (x 10°/L)

ALT (U/L)

AST (U/L)

Neutrophil (x 10°/L)

Baseline AFP level (ng/ml)

Baseline DCP level (mAU/ml)

AFP reduction>50%

DCP reduction>70%

ORR

Therapy
SBRT+Sintilimab+Bevacizumab
SBRT+Sintilimab-+Lenvatinib
SBRT+Tislelizumab+Lenvatinib

SBRT+Toripalimab+Lenvatinib

137(84-212)
35.0(24.5-49.0)
50.0(33.0-82.5)

2.8(19-43)

604.5(53.4-3806.0)
1396.0(130.0-20312.0)
/
/

61(64.2)

45(47.4)
35(36.8)
4(4.1)

11(12.5)

136(84-205)
35.5(24.8-50.8)
51.0(33.5-86.5)

28(1.9-43)

948.5(95.4-4296.2)
1934.0(130.0-21773.8)
55(62.5)
/

55(62.5)

43(48.9)
30(34.1)
4(4.5)

11(12.4)

137(84-212)
35.0(24.5-48.5)
50.0(33.0-82.5)

2.8(1.9-43)

754.0(53.4-4048.5)
2386.0(158.0-20886.5)
/
42(46.1)

57(62.6)

43(47.3)
33(36.3)
12(132)

3(32)

Values are expressed as numbers (%), median (interquartile range); HCC, hepatocellular carcinoma; HBV, hepatitis B virus; BCLC, Barcelona Clinic Liver Cancer staging; ALBI, albumin-
bilirubin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AFP, alpha-fetoprotein; DCP, des-gamma-carboxyprothrombin; ORR, objective response rate; SBRT, stereotactic

body radiation therapy; ICls, immune checkpoint inhibitor.
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SNP1: rs371194629, DEL (D)> INS (1), +2960

SNP7 :rs17179108,(C>T), +3035

DD (11) Ref = cc Ref o
DI (12) 0.65 [0.34-1.24 0.19 (Ref: DD) foi 0.81 [0.20-3.10] 0.99 (Ref :CC)
11 (22) 0.66 [0.29-1.48 0.32 (Ref: DD) TT 0.95[0.45-2.10 0.99 (Ref :CC)
DIHI (12+22) 0.65 [0.35-1.21 0.17 (Ref: DD CT+TT (12+22) 0.92[0.46-1.91 0.86(Ref :CC)
DI+DD(12+11) 112 [0.57-2.22 0.72 (RefIT) CT+CC (12+11) 1.04[0.47-2.18] 0.99 (RefTT)
D allele (1) Ref - C allele Ref -
T allele (2) 0.81 [0.55-1.19 0.29 (Ref : D) T allele 0.93 [0.56-1.60] 0.89 (Ref :C)
SNP2: 15567747015, C>T, +3001 SNP11 :rs138249160T>C, +3125
CC(11) Ref - TT (11) Ref -
CT (12) 1.08 [0.58-1.99 0.87 (Ref : CC) TC(12) 0.68(0.28-1.65 0.507 (Ref :TT)
TT (22) - - CC (22) =
CT+TT (12+22) - TC+CC (12+22) 0.68[0.28-1.65 0.507 (Ref :TT)
CT+CC (12+11) - TC+TT (12+11) - -
C allele (1) Ref - T allele (1) - -
T allele(2) 1.06 [0.60-1.88 0.88 (Ref :C) C allele (2) 0.69 [0.27-1.60] 0.52 (Ref :T)
SNP3 : rs1707, (C>T), + 3003 SNP 12: rs1063320, C>G, +3142
Ref - GG (11) Ref 0.224(Ref :GG)
TT (11) 1.66 [0.84-3.34] 0.16 (Ref: TT) GC (12) 1.69(0.73-3.59 0.009(Ref :GG)
CT (12) 2.37 [1.15-4.87 0.02 (Ref:TT) CC (22) 2.35(1.26-4.33 0.010 (Ref :GG)
CC (22) 1.97 [1.13-3.36] 0.01 (Ref:TT) GC+CC (12+22) 2.14[1.19-3.84] 0.018 (Ref :CC)
CT+CC (12+22) 0.83 (037-1.71 0.70 (Ref: CC) GC+GG (12+11) 0.50 [0.28-0.87 =
CT+TT (12+11) 0.000 (Ref :G)
T allele (1) Ref - G (1) Ref
C allele (2) 1.93 [1.25-2.95 0.002 (Ref: T) Cc©) 2.00[1.35-2.94
SNP 4: rs1710, (G>C), +3010 SNP13: 159380142, A>G, +3187
CC (11) Ref - AA (11) Ref -
GC (12) 1.47(0.66-3.17] 0.40 (Ref: CC) AG (12) 0.96(0.39-2.60) 0.99 (Ref :AA)
GG (22) 2.47[1.35-4.45 0.004 (Ref:CC) GG (22) 0.99[0.43-2.22 0.99 (Ref :AA)
GC+GG (12+22) 2.13[1.23-3.63 0.008(Ref:CC) AG+AA (12+22) 0.97[0.51-1.86 0.99(Ref :AA)
GC+CC (12+11) 0.44 [0.25-0.78) 0.04 (Ref: GG) AG+GG (12+11) 0.98 [0.38-2.58 0.99 (Ref :GG)
C allele (1) Ref - A allele (1) Ref 0.99(Ref :A)
G allele (2) 2.14 [1.44-3.14] 0.001 (Ref:C) G allele (2) 0.98 [0.58-1.63
SNP5: rs17179101(C>A), +3027 SNP 14:r51610696, C>G, +3196
CC(11) Ref - Ccc (1) Ref 0.72 (Ref :CC)
CA (12) = - GC (12) - 0.99 (Ref :CC)
AA (22) 0.89 [0.38-1.94 0.83 (Ref: CC) GG (22) 0.63[0.16-2.51 0.723 (Ref :GG)
CA+AA (12+22) 111 [0.51-2.40, 0.84 (Ref: CC) GC+GG (12+22) 0.85[0.25-2.95 0.62 (Ref :C)
CA+CC(12+11) 1.25 [0.46-3.44 0.79 (Ref: AA) GC+CC (12+11) 1.58 [0.40-6.09]
C allele (1) Ref - C allele (1) -
A allele (2) 0.98[0.57-1.75 0.99 (Ref:C) G allele (2) 0.74 [0.28-2.05
SNP6: 15146339774 (G>C), +3032
GG (11) Ref -
GC (12) 0.55 [0.03-4.80 0.99 (Ref: GG)
CC(22) - -
GC+CC (12+22) 1.10[0.17-7.13 0.99 (Ref :GG)
GC+GG (12+11) -
G allele (1) Ref .
C allele (2) 1.66 [0.33-9.42 0.67(Ref :G)

The bold values indicate significant (p<0.05) association or Odds ratio.
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CR vs PR+PD, Risk genotype 22 = CR+PRvs PD, Risk genotype 22
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Genotype Yes/
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SNP1: rs371194629

\[e}

DD (11) 12/16 Reference = 20/8 Reference -
DI (12) 2/21 0.72(0.27-1.86) 0.627 30/13 1.08(0.38-3.09) 1.00
11 (22) 10/7 0.53(0.15-1.78) 0.365 15/2 0.33(0.06-1.80) 0.275
DI+ (12+22) 32/28 0.66(0.27-1.62) 0.492 45/15 0.83(0.30-2.28) 0.796
SNP2: rs567747015
CC (11) 33/29 Reference - 48/14 Reference e
CT (12) 11/15 1.55(0.61-3.91) 0.483 17/9 1.8(0.66-4.95) 0.290
TT (22) - - - - - -
CT+TT (12422) 11/15 1.55(0.61-3.91) 0.483 17/9 1.8(0.66-4.95) 0.290
SNP3: rs1707
TT:{11) 24/22 Reference 39/7 Reference -
CT (12) 913 1.57(0.56-4.41) 0.443 13/9 3.86(1.19-12.44) 0.03
CC (22) 11/9 0.89(0.31-2.56) 1.00 13/7 3.00(0.88-10.18) 0.101
CT+CC (12+22) 20/22 1.20(0.51-2.77) 0.831 26/16 3.43(1.24-9.48) 0.017
SNP4: rs1710
CcC(11) 16/17 Reference 0.212 2716 Reference 0.019
GC(12) 4/11 2.58(0.68-9.81) 0.353 718 5.14(1.33-19.76) 0.774
GG(22) 24/16 0.63 (0.24-1.59) 1.0 31/9 1.30(0.41-4.14) 0.219
GC+GG (12+22) 28/27 0.90(0.38-2.15) 38/17 2.01(0.70-5.77)
SNP5: rs17179101
CC (11) 36/39 Reference - 52/23 Reference -
CA (12) 12 1.85(0.16-21.2) 1.00 3/0 -
AA (22) 713 0.39(0.09-1.64) 0.313 10/0 :
CA+AA (12+22) 8/5 0.57(0.17-1.92) 0.0549 13/0 -
SNP7: rs17179108
CC (11) 35/38 Reference - 51/22 Reference -
CT (12) 3/0 = 3/0 - -
TT (22) 6/6 0.92 (0.27-3.12) 1.0 111 0.21(0.02-1.73) 0.166
CT+TT (12+22) 9/6 0.61 (0.19-1.90) 0.57 14/1 0.16(0.02-1.33) 0.103
SNP11:rs138249160
TT (11) 44/44 Reference - 65/23 Reference 1.00
TC (12) 5/3 0.6(0.13-2.66) 0.715 6/2 0.9(0.17-5.04) - 1.00
CC (22) - - - - -
TC+CC (12+22) 5/3 0.6(0.13-2.66) 0.715 6/2 0.9(0.17-5.04)
SNP12: rs1063320
GG (11) 27/19 Reference 0.04 35/11 Reference 0.067
GC (12) 4/12 4.26(1.19-15.26) 0.62 8/8 3.18(0.97-10.47) 0.58(0.16- 0.401
CC (22) 13/13 1.42(0.54-3.73) 0.134 22/4 2.04) 0.694
GC+CC (12+22) 17/25 2.09(0.89-4.89) 30/12 1.27(0.49-3.30)
SNP13: rs9380142
GG (11) 6/6 Reference 1.0 1072 Reference 1.0
GA (12) 4/4 1.00(0.16-5.98) 1.0 6/2 1.67(0.18-15.14) 0.49
AA (22) 3132 1.03(0.30-3.54) 1.0 45/18 2.00(0.39-10.05) 0.50
GA+AA (12+22) 35/36 1.02(0.30-3.49) 51/20 1.96(0.39-9.75)
SNP14: rs1610696
GG (11) 2/1 Reference 2/1 Reference -
GC(12) 0/1 - - 0/1 - -
CC (22) 39/40 2.05(0.17-23.56) 1.0 59/20 0.67(0.05-7.88) 1.0
GC+CC (12+22) 39/41 2.10(0.18-24.14) 0.615 59/21 0.71(0.06-8.26) 1.0

The bold values indicate significant (p<0.05) association or Odds ratio.
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B. HCC population, LOD score and r2 value

High LOD score (LOD 2 2) indicates strong linkage, whereas a high r*value (+ > 0.6) indicates strong correlation between two S
both LOD score and r*-value and strong correlation between SNPs are indicated in bold.
The bold values indicate strong linkage (LOD>2).

Ps. SNPs are indicated as numbers 1-14, Top panel (A) i for healthy population and bottom panel for HCC patient, Each column represents
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Abstract Name NCT Sample Qutcome

Phase Offical Title Conditions

number  of study  Number Size(n) Measures

Regorafenib Plus Pembrolizumab in Patients With

Advanced or Spreading Liver Cancer Who Have Been Hepatocellular LORR
4007 NCT04696055  Phase 2 95
ase Previously Treated With PD-1/PD-L1 Immune Carcinoma 2.CR 3.PR
Checkpoint Inhibitors
A Study of Nivolumab in Combination With
CheckMat Hepatocellul:
4008 :)wa € | NCT04039607  Phase 3 Ipilimumab in Participants With Advanced 732 z’zc‘;::;a“ 1.0S
Hepatocellular Carcinoma (CheckMate 9DW)
A Study to Evalu:rte Safety and Efﬁca.cy of Armored Hepatocellular LTEAEs
4019 C-CAR031 NCT05155189 = Phase 1 CAR-T Cell Injection C-CARO031 in Advanced 44 ;
. Carcinoma 2.AESIs
Hepatocellular Carcinoma
A Study of Durvalumab or Tremelimumab 1.DLTs
Monotherapy, or Durvalumab in Combination With Hepatocellular 2.TEAEs
4022 NCT02519348  Phase 2 433
e Tremelimumab or Bevacizumab in Advanced Carcinoma 3.CTCAE
Hepatocellular Carcinoma 4ECG
4026 RNA ax;?re:ssxon.-based hy.poxla score as a pmgfmsnc 3 Hepatf:ce]lular LOS
and predictive biomarker in hepatocellular carcinoma carcinoma
Phiise 2, SCT-I10A Plus SCT510 Versus Sorafenib as First-Line Heisatscellid
4092 SCT-II0A | NCT04560894  oc 7 Therapy for Advanced Hepatocellular 405 CPAoCEIAr 1 08 2.pFS
Phase 3 . Carcinoma
Carcinoma (HCC)
A Multicenter, Open-Label, Phase 3 Trial to Compare
4094 REFLECT NCT01761266 | Phase 3 the Efffca.cy a?d S?fety of Lenvatinib (E?qso) Vers\.Js 954 Hepat?cellular LOS
Sorafenib in First-line Treatment of Participants With Carcinoma
Unresectable Hepatocellular Carcinoma
Survival outcomes with adjuvant immunotherapy after
hepatic resection in patients with intermediate/ hepatocellular
4096 627 1.RFS 2.08
4 advanced (BCLC stage B/C) hepatocellular carcinoma: carcinoma O
Insights from a propensity-matched multicenter study
Predictors of short-term death and long-term survival
in advanced hepatocellular carcinoma (HCC) treated hesatecalals
4098 with contemporary tyrosine kinase inhibitors (TKI) or 520 cl:rcinoma 1.STD 2.LTS
immunotherapy: A multicenter analysis from the
HCC-CHORD consortium
Atezolizumab plus bevacizumab (A+B) as first-line
systemic therapy for advanced hepatocellular
hepatocellul:
4099 carcinoma (HCC): A multi-institution analysis of 322 Cpatoceular ) prs 2.08
patient outcomes based on Child Pugh (CP) and ALBI carcinoma
liver function
Study of Pembrolizumab (MK-3475) as Monotherapy
KEYNOTE- Hepatocellul:
4100 ) NCT02702414  Phase 2 in Participants With Advanced Hepatocellular 156 Z‘:ic‘i’:z;:' LORR
Carcinoma (MK-3475-224/KEYNOTE-224)
Stereotactic body radiotherapy (SBRT) combined with
transca}hele.r artm"lal .C}.‘AE moembolization (TACE) and ——— LORR 2.08
tyrosine kinase inhibitors (TKIs) versus TACE and
4102 . 90 hepatocellular 3.DCR
TKIs alone for unresectable hepatocellular carcinoma W ATRAE
(WHCC) with portal vein tumor thrombus (PVTT): A carcinoma :
randomized controlled trial
Hepatic artery infusion chemotherapy (HAIC)
combined with tislelizumab and lenvatinib for initial unresectable 1.ORR 2.DCR
4103 Phase 2 unresectable hepatocellular carcinoma (HCC) with 29 hepatocellular 3.PFS
portal vein tumor thrombus: A prospective, single-arm carcinoma 4.0S 5.TRAE
phase II trial
h s Z § 2 . 1.MTD 2,DLT
e NCT04806464 | Phase 1 | Climical Study o}f \.7G161L1.n SquJects With Advanced i ; pnn:ry 44
rimary Liver Cancer iver Cancer 4SAE 50RR
Impact of CTNNBI alterations on outcomes in
41 H¢ 1
06 patients with hepatocellular carci noma (HCC) cc 08
Study on Therapeutic Effect of Combination of Advanced
4108 NCT05213221 = Phase 2 Envafolimab, Lenavatinib and TACE in Advanced 39 Hepatocellular 1.ORR
HCC Patients (CISLD-12) Carcinoma
Study of Pembrolizumab (MK-3475) vs. Best
KEYNOTE- Supportive Care in Participants With Previously Hepatocellular
410¢ NCT02702401 Ph: 41 1.PFES 2.
2 240 CT0270240 aseid Systemically Treated Advanced Hepatocellular 5 Carcinoma 8208
Carcinoma (MK-3475-240/KEYNOTE-240)
Locally
A Study to Evaluate SHR-1210 in Combination With Advanced or
4110 CARES-310 = NCT03764293  Phase 3 Apatinib as First-Line Therapy in Patients With 543 Metastatic and 1.0S 2.PFS
Advanced HCC Unresectable
HCC
Atezolizumab + bevacizumab versus lenvatinib as first-
i line systemic therapy for treatment of hepatocellular 53 Hepatocellular | 1.0S 2. PES
carcinoma in a real-world population: Outcomes from Carcinoma 3.RR
the HCC CHORD database
Stage 11T
" - Hepatocellular
4112 NCTO5412589 | Phasez | TFOLFOX7 Plus Acd'":,:‘;:le';“l:‘éz and:Apatinlb for 35 Cancer LORR
(CNLC
Staging)
45 SHATA00! | NCT02856126  phase 3 | HAIC Plus Sorafenib Versus TACE Plus Sorafenibfor 5id Hepatocellular S8
Advanced HCC Carcinoma
Tislelizumab plus intensity modulated radiotherapy in
4118 Phase 2 resectable hepatocellular carcinoma with 30 Hepatocellular 1.ORR 2.DCR
ase macrovascular invasion: A prospective, single-arm, Carcinoma 3.08 4.RFS
phase II trial
NeoLEAP- Pembrolizumab and Lenvatinib for Resectable Carcinoma,
4120 NCT05389527  Phase 2 43 1LMPR
HCC e Hepatocellular Carcinoma (NeoLeap-HCC) Hepatocellular
A Global Study to Evaluate Transarterial
Chemoembolization (TACE) in Combination With
5 5 < Hepatocellular
4122 EMERALD-1 = NCT03778957 = Phase 3 Durvalumab and Bevacizumab Therapy in Patients 724 [ 1.PES
With Locoregional Hepatocellular Carcinoma
(EMERALD-1)
PD-1 Antibody and Lenvatinib Plus TACE-HAIC for Hesatoealulas L.conversion
4123 PLATIC NCT04814043 = Phase 2 Potential Resectable HCC: a Single-arm, Phase 2 57 C‘:rc'non\\la rate
Clinical Trial (PLATIC) 2 to resection
Utilization of tumor-informed circulating tumor DNA Hepatocellul
4125 in detecting minimal residual discase and guiding 136 Z"‘"‘ oceuiar
adjuvant therapy in liver cancer AR
Hepatocellular
f
GEMINI- Study o Novel meunowodula@rs as Mono'.hel.'apy o i GRS
4187 ™ NCT05775159  Phase 2 and in Combination With Anticancer Agents in 260 are
Hepatobiliary L ) W Biliary 3.SAE 4.PFS
Participants With Advanced Hepatobiliary Cancer
Tract Cancer
Study to Evaluate Adverse Events, and Change in
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DFS oS

Treatment SUCRA(%) Treatment SUCRA(%)

Best (6] 93.63 C 84.01
23d D 70.48 F 73.82
3w F 66.82 D 65.09
4% B 36.13 B 55.13
5% E 32.86 A 18.82

Worst A 0.08 E 313

A, Radical surgery alone; B, Radical surgery + adjuvant TACE; C, Radical surgery + adjuvant
RT; D, Radical surgery + adjuvant HAIC; E, Radical surgery + adjuvant atezolizumab plus
bevacizumab; F, Radical surgery + adjuvant sintilimab.
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Covariate Coefficient (95% CI)

Starting year 0.037 (-0.331, 0.405)
Sample size 0.050 (-0.770, 0.888)
Age of patients -0.003 (-0.382, 0.375)
Sex of patients -0.002 (-0.322, 0.320)
HBYV infection -0.047 (-0.651, 0.556)
Number of tumors -0.037 (-0.383, 0.309)
Vascular invasion 0.042 (-0.303, 0.388)
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First-line Post-ate-beva P-value

I;‘::g:f:st HAIC HAIC
(n = 66) (n = 34)
0.036
CR 1(1.5%) 0 (0.0%)
PR 11 (16.7%) 12 (35.3%)
SD 27 (40.9%) 17 (50.0%)
PD 19 (28.8%) 5 (14.7%)
NA 8 (12.1%) 0 (0.0%)
ORR 12 (18.1%) 7 12 (35.3%) 0.031
DCR 39 (59.1%) 29(85.3%) 0.008

Data are presented as n (%). Ate-beva, atezolizumab plus bevacizumab; HAIC, hepatic artery
infusion chemotherapy; CR, complete response; PR, partial response; SD, stable disease; PD,
progressive disease; NA, non-applicable; ORR, objective response rate; DCR, disease control rate.
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First-line Post-Ate- P-value

HAIC beva HAIC
(n = 66) (n = 34)

Age 65.79 £ 11.19 62.12 £ 13.46 0.151
Sex 0.113
Male 57 (86.4) . 25 (73.5)
Female 9 (13.6) 9 (26.5)
AST (U/L) 98.26 £ 115.08 | 8876 +77.39 0.62
ALT (U/L) 43.10 + 39.62 49.26 + 41.21 0.47
Total Bilirubin (mg/dL) 1.99 + 3.61 123 + 1.05 0.12
BCLC stage 0.189
0/A 6(9.1) 1(2.9)
B 12 (28.2) 9 (26.5)
C 48 (72.7) 22 (64.7)
D 7 0 (0.0) 2(5.9)
Etiology 0.458
Hepatitis B virus 37 (56.0) 24 (70.6)
Hepatitis C virus 6(9.1) 3(8.8)
Alcohol 11 (16.7) 3(8.8)
Others 7 12 (28.2) 4(11.8)
Child—Pugh class 7 0.285
A 55 (83.3) 31(91.2)
B 8 (12.1) 3(8.8)
C 3 (4.5) 0
ECOG performance 7 05999
status score
0 60 (90.9) 31(91.2)
1 4(6.0) 2(5.9)
2 2(3.0) 1(2.9)
Serum AFP level (ng/mL) | 13505 +22884 | 12397 + 21420 0.815
Tumor size (cm) 9.61 +4.82 9.08 +5.71 0.624
Number of tumors 0.017
Single Multiple 14 (21.2) 15 (44.1)
52 (78.8) 19 (55.9)
Portal vein invasion 0i521
No 45 (68.2) v 21 (61.8) 7
Yes 21 (31.8) 13 (38.2)
Distant metastasis 0!585
No 23 (34.8) 14 (41.2)
Yes 43 (65.2) 20 (58.8) |
Prior treatments ‘ < 0.001

other than ate-
beva treatment

TACE 0 (0.0) 13 (38.2%)
Surgery 0 (0.0) 6 (17.6%)

Systemic therapies 0 (0.0) 1 (2.9%)
RT 0 (0.0) 4 (11.8%)

Data are presented as n (%) and means + standard deviations. Ate-beva, atezolizumab plus
bevacizumab; HAIC, hepatic arterial infusion chemotherapy; BCLC stage, Barcelona Clinic
Liver Cancer stage; ECOG performance status, Eastern Cooperative Oncology Group; AFP,
alpha-fetoprotein. AST, aspartate aminotransferase; ALT, alanine aminotransferase; TACE,
transarterical chemoembolization; RT, radiotherapy.
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PFS Os

Variables Univariate Analyses Multivariate Analyses Univariate Analyses Multivariate Analyses

HR (95%ClI) p HR (95%ClI) p HR (95%Cl) P HR (95%ClI) P

Age, years (50/>50) 070(0.39-125) | 0228 073(029-1.72) | 0.497
Gender (Female/Male) 050(0.18-137) | 0177 0.42(0.15-1.19) 0102 087(021-3.66) | 0.845
Extrahepatic spread (No/Yes) 056(0.31-099) | 0.048 0.51(0.29-0.93) 0.027 1.17(044-3.09) | 0751
BCLC(B/C) 0.89(0.38-2.07) | 0791 071(0.17-298) | 0.635
Child-Pugh (A/B) 1.00(0.56-1.77) | 0988 067(029-1.54) | 0.347

Tumor size (cm) (<5/>5) 128(0.77-2.12) | 0346 050(020-1.25) | 0.137 0.56(0.23-1.40) 0213
Baseline DCP (ng/ml) 1.00(1.00-1.00) | 0833 1.00(1.00-1.00)  0.413
ALBI grade (1/2) 0.80(0.41-1.58) | 0529 032(008-1.34) | 0.118

DCP response (Yes/No) 043(0.26-0.73) | 0.002  0.44(0.26-0.74) 0.002 033(0.13-081)  0.016  0.35(0.14-0.86) 0.022
Vascular invasion (No/Yes) 115(0.64-2.08) | 0644 055(0.19-159)  0.271

PES, progression-free survival; OS, overall survival; BCLC, Barcelona Clinic Liver Cancer staging; ALBI, albumin-bilirubin; DCP, des-gamma-carboxy prothrombin.
Bold values are statistically significant (p<0.05).
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PFS 0os

VETELIES Univariate Analyses Multivariate Analyses Univariate Analyses Multivariate Analyses

HR (95%Cl) p HR (95%ClI) p HR (95%Cl) p HR (95%Cl) P

Age, years (<50/>50) 078(0.44-1.39) | 0.400 069(028-1.70) | 0.418
Gender (Female/Male) 046(0.17-1.28) | 0.139 | 0.24(0.08-0.70) 0.009 078(0.18-3.27) | 0.729
Extrahepatic spread (No/Yes) 0.60(034-1.07)  0.084  0.40(0.21-0.75) 0.004 092(0.39-2.15) | 0.846
BCLC(B/C) 074(0.29-1.84) | 0.510 072(0.17-3.04) | 0.658
Child-Pugh (A/B) 1.06(0.60-1.87) | 0.837 062(029-1.33) | 0.218
Tumor size (cm) (<5/>5) 1.01(0.61-168) | 0973 054(024-1.21) | 0.134

Baseline AFP (ng/ml) 1.00(1.00-1.00) | 0.170 1.00(1.00-1.00) | 0.029 1.00(1.00-1.00) 0.070
ALBI grade (1/2) 105(0.55-2.02) | 0.883 048(0.15-1.60) | 0.234

AFP response (Yes/No) 053(032-0.88) | 0.015  036(0.20-0.62) <0.001  044(021-0.90) | 0026 | 0.47(0.22-0.99) 0.047
Vascular invasion (No/Yes) 1.09(0.59-201) | 0.780 054(0.19-1.56) | 0.259

PFS, progression-free survival; OS, overall survival; BCLC, Barcelona Clinic Liver Cancer staging; ALBI, albumin-bilirubin; AFP, alpha-fetoprotein.
Bold values are statistically significant (p<0.05).
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Univariate Analyses Multivariate Analyses

Variables
OR (95%Cl) OR (95%Cl) p
Age, years (50/>50) 0.82(0.32-2.10) 0.676
Gender (Female/Male) 3.88(0.45-33.73) 0.219 3.84(0.39-37.96) 0.250
Extrahepatic spread (No/Yes) 1.02(0.36-2.89) 0.977
BCLC(B/C) 0.69(0.17-2.78) 0.607
Child-Pugh (A/ B) 1.47(0.56-3.85) 0.428
Tumor size (cm) (<5/>5) 0.68(0.28-1.63) 0.385
Baseline DCP (ng/ml) 1.00(1.00-1.00) 0.522
ALBI grade (1/2) 1.07(0.36-3.21) 0.905
DCP response (Yes/No) 8.00(2.85-22.48) <0.001 7.99(2.82-22.60) <0.001
Vascular invasion (No/Yes) 0.92(0.34-2.51) 0.868

PES, progression-free survival; BCLC, Barcelona Clinic Liver Cancer staging; ALBI, albumin-bilirubin; DCP, des-gamma-carboxy prothrombin.
Bold values are statistically significant (p<0.05).
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Univariate Analyses Multivariate Analyses

Variables
OR (95%Cl) OR (95%Cl) P

Age, years (<50/>50) 0.75(0.29-1.95) 0.553

Gender (Female/Male) 3.92(0.45-34.09) 0.216 6.31(0.64-62.01) 0.114
Extrahepatic spread (No/Yes) 1.01(0.35-2.88) 0.986
BCLC(B/C) 0.55(0.13-2.35) 0.418
Child-Pugh (A/ B) 1.34(0.51-3.48) 0.553
Tumor size (cm) (<5/>5) 0.90(0.37-2.17) 0.810

Baseline AFP (ng/ml) 1.00(1.00-1.00) 0.122 1.00(1.00-1.00) 0.421
ALBI grade (1/2) 0.96(0.31-2.93) 0.939

AFP response (Yes/No) 4.97(1.95-12.66) 0.001 v 5.50(2.04-14.83) 0.001
Vascular invasion (No/Yes) 0.75(0.27-2.10) 0.580

BCLC, Barcelona Clinic Liver Cancer staging; ALBI, albumin-bilirubin; AFP, alpha-fetoprotein.
Bold values are statistically significant (p<0.05).
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Overall Survival

Univariate analysis Multivariate analysis
HR (95% ClI) P-value HR (95% CI) P-value
Post ate-beva HAIC (vs. First-line HAIC) 0560 (0.205-1.065) 0.077 0.404 (0.197-0.829) 0.014
Sex (Female) 1.353 (0.643-2.847) 0.426
Etiology-Viral (vs. non-viral) 0.846 (0.454-1.575) 0.598
ECOG 0 0233 (0.107-0.509) <0.001 0.265 (0.097-0.721) 0.009
Age >65 years 1.354 (0.749-2.449) 0316
Child-Pugh Class A 0456 (0.242-0.859) 0.015 0.512 (0.251-1.045) 0.066
AFP >400ng/mL 1.698 (0.932-3.092) 0.084 1.767 (0.914-3.416) 0.090
Tumor size >10cm 1.982 (1.083-3.629) 0.027 1.208 (0.609-2.397) 0.588
Single mass (vs. multiple) 0.984 (0.553-1.751) 0.958
PVTT 1.101 (0.597-2.033) 0757
Extrahepatic metastasis 1.667 (0.938-2.967) 0.081 1.049 (0.546-2.013) 0.886

Ate-beva, atezolizumab plus bevacizumab; HAIC, hepatic arterial infusion chemotherapy; BCLC stage, Barcelona Clinic Liver Cancer stage; ECOG performance status, Eastern Cooperative
Oncology Group; AFP, alpha-fetoprotein.





OPS/images/cover.jpg
& frontiers | Research Topics.

Hepatocellular carcinoma:
novel treatment strategies,
volume Il






OPS/images/fonc.2025.1485421/fonc-15-1485421-g006.jpg
A regulation of cholesterol transport
regulation of sterol transport

plasma lipoprotein particle clearance

positive regulation of cholesterol transport

positive regulation of sterol transport

Schmidt-Lanterman incisure

late endosome

ribonucleoprotein granule
cytoplasmic ribonucleoprotein granule
P-body

ONTOLOGY

high—density lipoprotein particle binding
phospholipase inhibitor activity

virion binding
N6-methyladenosine—containing RNA binding
primary miRNA binding

Osteoclast differentiation

&)

0.0 05 10 15 20
-log10(adj.p)

C BP APOA1 positive regulation o‘f sterol transport

positive regulation of cholesterol transport®  size

ANXA2
® 15
@® 16
®
@ s
Q®
@ o
regulation of cholesterol transpgektsma lipoprotein particle clearaice
regulation oésterol transport
APOA1 primary miRNA binding
= @
ANXAD N6-methyladenosine—containing RNA blndlng’
size
® 06
@ o
@ o:
i o . . 0.9
IGF2BP3 virion bmdmg’ . .

EZH2 phospholipas&inhibitor activity

high—density Iipo&otein particle binding

F KEGG

regulation of cholesterol transport
regulation of sterol transport

plasma lipoprotein particle clearance
positive regulation of cholesterol transport
positive regulation of sterol transport

Schmidt-Lanterman incisure

late endosome

ribonucleoprotein granule
cytoplasmic ribonucleoprotein granule
P-body

high—density lipoprotein particle binding
phospholipase inhibitor activity

virion binding
N6—-methyladenosine—containing RNA binding
primary miRNA binding

Osteoclast differentiation

0.20 0.25 0.30
GeneRatio

P=body

T™A1
pus cytoplasmic ribonucleoprotein granule®
IGF2BP3 ribonucleoprotein granule@®
Schmidt—Lagterman incisure ®
late endosome
Osteoclast differentiation
TNFRSF11B

SQSTM1






OPS/images/fonc.2025.1485421/fonc-15-1485421-g005.jpg
D

e
«© _|
o
>
= ©
= o |
.‘%‘
®
DS
N
e —— AUC of 1 year: 0.762
—— AUC of 3 years: 0.675
o | . —— AUC of 5 years: 0.675
s s
T T 1T 1 1 71
0.0 0.2 0.4 0.6 0.8 1.0
1-Specificity
Multivariable Cox Regression Analysis
Factors P value HR(95% Cl)
Stagell 0.514 1.181[0.717, 1.945]
Stagelll <0.001 2.186 [1.416, 3.374]
StagelV 0.001 7.259 [2.223, 23.702] ——
RiskScore <0.001 5.019[2.790, 9.029] -
05 24
HR
o | T m|>||l‘t||l|'
] I/;l
—~ 2
cC o
g o i
o
)
g o I
@ ©
@)
g <
TS
©
2
o NN
< o
o
2 -
T T T T T T
0.0 0.2 04 0.6 0.8 1.0

Nomogram-Predicted Probability of 1-year OS

=
[}

% — 1-year
m == All

© ~ None
=z

0.00 0.25 0.50 0.75 1.00
Risk Threshold

1.00

0.75

Survival probability
o
3

0.25
HR =0.42 (0.30 - 0.61)
P <0.001
0 1000 2000
Time

Points

Stage

RiskScore

Total Points

1-year probability

2-year probability

3-year probability

HighRisk C

Univariable Cox Regression Analysis

LOIRIS Factors HR[95% CI] P value

Age> 60 1.247 [0.862, 1.803] 0.241 "
GenderMALE 0.760 [0.523, 1.106] 0.152 »

Stagell 1.417 [0.868, 2.312] 0.164 |

Stagelll 2.734[1.792,4.172] <0.001 =

StagelV 5.597 [1.726, 18.148] 0.004 m
RiskScore 5.541 [3.175, 9.670] <0.001 =

nmrr— 1
3000 0 5HR 18

0 10 20 30 40 50 60 70 80 90 100
PR — PR — P — P — PR—— PR— PR — F——— Pr— I S——

0.6 0.8 1 1.2 1.4 1.6 1.8 2 22 24 26 2.8

L e e e o e e e o e e L o o e e o e e o e ISR A m e e e e e e e e e e e e e e e e e |

0 10 20 30 40 50 60 70 80 90 100 110 120

T T

T T T
0.9 0.85 0.80 070 0.6

T T T
05 04 03 02

T T T
0.9 0.85 0.80 0.70 0.6

T T T
05 04 03 02 0.1

0.9 0.85 0.80 070 06

H

05 04 03 02 0.1

0.8

A

0.6

/

0.4
I
—

Actual 3—-year OS(proportion)

0.0

S R LU R L

[

T T T T
0.0 0.2 0.4 0.6

Net Benefit

0.00 0.25 0.50 0.75
Risk Threshold

0.8
Nomogram-Predicted Probability of 3-year OS

1.00

Q i LA L B ML A AL B LAY LA H'l‘|\||1‘|\|I‘|H|""|I|\H|||“!|H|‘\|' T
T © ]
S o I |
5 /|
Q.
9 ©
Q.
N— O |
2 _V l
8 <
TS
[Te}
©
2
N
<(() o 1/
o
o A
T T T T T T T
1.0 0.0 0.2 0.4 0.6 0.8 1.0
Nomogram-Predicted Probability of 5-year OS
0.4
%
= 3-year ch 0.2 — 5-year
-= All oM == All
~ None © ~ None
Z
0.0
-0.2

0.00 0.25 0.50 0.75 1.00
Risk Threshold





OPS/images/fonc.2025.1485421/fonc-15-1485421-g004.jpg
Coefficients

1.0

-1.0 0.0 05

-2.0

0.00

0.01

0.02 0.03 0.04 0.05

Fraction Deviance Explained

0.06

0.07

B

Partial Likelihood Deviance

15

14

13

12

66 66 65 63 62 61

60 56 47 37 30 20 10 7 4 3 1

0





OPS/images/fonc.2025.1485421/fonc-15-1485421-g003.jpg
Bl i le == |0I
LT

‘I H\
| ’

il v | \ \ ~ I \ l I
‘ ‘ I H} ) o
i

'”\| i
1
J i 1 M \Zii‘f
1

I "IH |

il ||\ WI!\ I||l Wl " \I

}k
‘ |IIII I
e
M { l’ M “‘ HH\ H i H I‘ $

-

‘l ﬁ 1 Il HW\ “
IR
’“ \I\' Hﬂ”\lmllm‘I)H‘“(\“\‘II )I }H|“!||| M ‘

i
1






OPS/images/fonc.2025.1485421/fonc-15-1485421-g002.jpg
A Before Normalization B After Normalization

F9 GSES84402 EZ GSE46408 7 GSE84402 E¥ GSE46408
12 12
8 8
4 ’Hﬂ 4
0 0
C Before Normalization D After Normalization
° GSE84402 » GSE46408 ° GSES84402 » GSE46408

I
I
100 |
I

£ }A’ =z @
= 0 -—1 2
(o] (3]
~ 6
N N
O O
o o
-100
-100
-200
-100 0 100 200 -100 -50 0 50 100 150

PC1 ( 12.27%) PC1 ( 6.45%)





OPS/images/fonc.2025.1485421/fonc-15-1485421-g001.jpg





OPS/images/fonc.2025.1485421/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2024.1474442/table7.jpg
Events, No. (%) All patients (n = 27)

Any Grades Grade
grade 1-2 3

Any treatment-related 27 (100.0) 27 (100.0) 17 (63.0)
adverse event*

Hypoalbuminemia 16 (59.3) 14 (51.9) 2(7.4)
Lymphocyte count decreased 13 (48.1) 8 (29.6) 5(18.5)
Thrombocytopenia 11 (40.7) 8 (29.6) 3 (11.1)
Neutrophil count decreased 11 (40.7) 7 (25.9) 4 (14.8)
Aspartate 9 (33.3) 9 (33.3) 0
aminotransferase increased

Hyperbilirubinemia 9 (33.3) 8 (29.6) 1(3.7)
Abdominal pain 8 (29.6) 8 (29.6) 0
Hypertension 8 (29.6) 7 (25.9) 1:(3:7)
Alanine 7 7 (25.9) 6 (22.2) 1(3.7)

aminotransferase increased

Nausea 7 (25.9) 7 (25.9) 0
Anemia 7 (25.9) 6 (22.2) 1(3.7)
Proteinuria 6 (22.2) 6(22.2) 0
Gastrointestinal hemorrhage 6 (22.2) 4 (14.8) 2 (7.4)
Diarrhea V 4 (14.8) ‘ 3(11.1) 1(3.7)
Anorexia 2 (7.4) 2(7.4) 0
Weight loss 2 (7.4) 2 (7.4) 0
Ascites/pleural effusion 2 (7.4) 1(3.7) 1(3.7)
Hypothyroidism 1(3.7) 1(3.7) 0
Handefoot skin reaction | 1(3.7) 1(3.7) 0
Immune-related adverse event” 9 (33.3) 7 (25.9) 2(7.4)
Immune-related dermatitis 3(11.1) 2 (7.4) 1(3.7)
Immune-related enterocolitis 2 (7.4) 1(3.7) 1(3.7)
Immune-related hypothyroidism | 2 (7.4) 2 (7.4) 0
Immune-related hepatitis 1(3.7) 1.37) 0
Immune-related pneumonitis 1(3.7) 1(3.7) 0

* Treatment-related adverse events were assessed according to the National Cancer Institute
Common Terminology Criteria for Adverse Events (CTCAE) version 5.0.

* Immune-related adverse events were assessed according to the European Society for Medical
Oncology (ESMO) Clinical Practice Guideline (CPG).
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Groups n/N | ORR (95% CI) P-value
All patients 19/27 70.4% (51.9-88.9) -
Sex 0.532
Male 16/24 66.7% (45.8-83.3)

Female 3/3 100.0% (100.0-100.0)
Age 0.678
>55 10/13 7 76.9% (53.8-100.0)

<55 9/14 64.3% (35.7-85.7)

Comorbidities 1.000
Present 8/11 72.7% (45.5-100.0)

Absent 1116 68.8% (43.8-87.5)

Cirrhosis 1.000
Present 15/21 71.4% (52.4-90.5)

Absent 4/6 66.7% (17.1-100.0)

Child-Pugh class 1.000
B 7/10 70.0% (40.0-100.0)

A 12/17  70.6% (47.1-88.2)

ALBI grade 0.633
2-3 13/20 V 65.0% (45.0-85.0)

1 6/7 85.7% (57.1-100.0)

ECOG PS 0.420
1 8/13 61.5% (38.5-84.6)

0 11/14  78.6% (57.1-100.0)

Portal invasion 1.000
Vp 3-4 13/19 68.4% (47.4-89.5)

Vp 0-2 6/8 75.0% (37.8-100.0)

IVCTT 1.000
Present 4/6 66.7% (33.3-100.0)

Absent 15/21 71.4% (52.4-90.5)

Extrahepatic spread 0.398
Present 7/12 58.3% (33.3-83.3)

Absent 12/15  80.0% (60.0-100.0)

Tumor distribution 0.190
Unilobar 10/17 58.8% (35.3-82.4)

Bilobar 9/10 90.0% (70.0-100.0)

Tumour size 1.000
210 cm 15/21 71.4% (52.4-90.5)

<10 em 4/6 66.7% (33.3-100.0)

AFP level 1.000
2400 ng/mL 13/18 72.2% (50.0-88.9)

<400 ng/mL 6/9 66.7% (33.3-100.0)

ALBI, albumin-bilirubin grade; ECOG PS, Eastern Cooperative Oncology Group Performance
Status; IVCTT, inferior vena cava tumor thrombosis; AFP, a-fetoprotein; CI,
confidence interval.
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Variables RECIST 1.1 (n=27)

PFS, median (95% CI), month 7.5 (4.2-10.7)
Patients with events, No. (%) 20 (74.1)
PD 15 (55.6)
New lesions of lung 3(11.1)
New lesions of bone 1(3.7)
New lesions of abdominal cavity 1(3.7)
New lesions of liver 7 (25.9)
Progression of intrapulmonary lesions 2 (7.4)
Progression of intrahepatic lesions 1(3.7)
Death 5(18.5)

PFS rate, %

3m 92.6

6m 63.0

12m 33.3

TTR, median (95% CI), month 2.8 (2.6-3.0)
DOR, median (95% CI), month 7.9 (3.2-12.5)
0S8, median (95% CI), month 16.8 (14.0-19.6)
1-year OS rate, % 74.1

CI, confidence interval; PFS, progression-free survival; TTR, time to response; DOR, duration
of response; OS, overall survival.
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Variables, RECIST 1.1 (n=27)
No. (%)

Time point response Best response

at 3 months
ORR 14 (51.9) ‘ 19 (70.4)
DCR 24 (88.9) 24 (88.9)

Overall response

CR 0 0
PR 14 (51.9) 19 (70.4)
SD 10 (37.0) 5 (18.5)
PD 3(11.1) 3(11.1)

Intrahepatic response

CR 0 0
PR 16 (59.3) 21 (77.8)
SD 11 (40.7) 6(22.2)
PD 0 0

ORR, objective response rate; DCR, disease control rate; CR, complete response; PR, partial
response; SD, stable disease; PD, progressive disease.
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Subsequent treatments, number  Patients (n=15)

Continuation of the original program 1
Transarterial chemoembolization 2

Other systemic chemotherapy

Sintilimab plus lenvatinib 3
Camrelizumab plus apatinib 1
Tirelizumab plus lenvatinib 1
Atrizumab plus bevacizumab 1
Regorafenib 3
Sintilimab 1

Conservative therapy 2
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Study treatment Patients (n = 27)

Treatment management, median (range)

HAIC cycle 6 (3-9)
ICIs cycle 7 (3-18)
Duration of MTTs, month 7.0 (3.0-17.0)

PD-(L)1 inhibitor, No. (%)

Sintilimab 12 (44.4)
Raltilizumab 6 (22.2.0)
Camrelizumab 6(22.2)
Atezolizumab 2(7.4)
Triplimab 1(3.7)

Targeted drug, No. (%)

Apatinib 2(7.4)
Donafenib 4 (14.8)
Lenvatinib 9(33.3)
Bevacizumab 12 (44.4)

HAIC, hepatic arterial infusion chemotherapy; ICIs, immune checkpoint inhibitors; MTTs,
molecular targeted therapies; PD-(L)1, programmed death-(ligand)1.





OPS/images/fimmu.2024.1474442/table1.jpg
Characteristics Patients (n = 27)

Sex, No. (%)

Male 24 (88.9)
Female 3(11.1)
Age, meidan (range), y 54 (29-78)

Age, No. (%)

<55 14 (51.9)

>55 13 (48.1)

Diagnosis method, No. (%)

Histological 16 (59.3)
Clinical 11 (40.7)
Comorbidities, No. (%) 11 (40.7)
Hypertension 6(22.2)
Diabetes 3(11.1)
Heart disease 2 (7.4)
Others 7 (25.9)

Etiology, No. (%)

Hepatitis B 24 (88.9)

Hepatitis C 3 (LY

Cirrhosis, No. (%)
Absent 6(22.2)

Present 21 (77.8)

Child-Pugh class, No. (%)

A 17 (63.0)
B 10 (37.0)

ALBI grade, No. (%)

1 7 (25.9)
) 18 (66.7)
3 2 (7.4)

ECOG PS, No. (%)

0 14 (51.9)
1 13 (48.1)
Portal invasion, No. (%) | 24 (88.9)
Vp 0 3awL
Vp 12 5 (18.5)
Vp 3 | 9(33.3)
Vp 4 10 (37.0)

IVCTT, No. (%)

Absent 21 (77.8)

Present 6(22.2)

Extrahepatic spread, No. (%)

Absent 15 (55.6)
Present 12 (44.4)
Lung 4 (14.8)
Lymph nodes 9(33.3)
Other 3(11.1)
Multiple organ 3(11.1)

Tumor distribution, No. (%)
Unilobar 10 (37.0)

Bilobar 17 (63.0)

Tumour number, No. (%)

<3 1(3.7)
>3 26 (96.3)
Tumour size, meidan (range), cm 13.0 (3.4-23.8)

Tumour size, No. (%)

<10 6 (222)

>10 21 (77.8)
AFP, No. (%), ng/mL
<400 9 (333)

>400 18 (66.7)

ALBI, albumin-bilirubin grade; ECOG PS, Eastern Cooperative Oncology Group Performance
Status; IVCTT, inferior vena cava tumor thrombosis; AFP, o-fetoprotein.
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Progression-Free Survival

Univariate analysis

HR (95% CI)

P-value

Multivariate analysis

Post ate-beva HAIC (vs. First-line HAIC) 0.513 (0.292-0.901)
Sex (Female) 1.319 (0.709-2.454)
Etiology-Viral (vs. non-viral) 1.084 (0.623-1.887)
ECOG 0 0.331 (0.155-0.708)

Age >65 years 1285 (0.771-2.140)
Child-Pugh Class A 0.549 (0.305-0.990)
AFP >400ng/mL 1.247 (0.747-2.080)
Tumor size >10cm 1.453 (0.870-2.428)
Single mass (vs. multiple) 0.894 (0.543-1.472)
PVTT 1.211 (0.709-2.066)
Extrahepatic metastasis 2.079 (1.232-3.497)

0.020

0382

0.775

0.004

0336

0.046

0.398

0.154

0.660

0.485

0.006

HR (95% CI) P-value
0.441 (0245-0.791) 0.006
0.437 (0.196-0.974) 0.043
0.601 (0.321-1.125) 0.112
1.753 (1.005-3.055) 0.048

Ate-beva, atezolizumab plus bevacizumab; HAIC, hepatic arterial infusion chemotherapy; BCLC stage, Barcelona Clinic Liver Cancer stage; ECOG performance status, Eastern Cooperative

Oncology Groups AFP, alpha-fetoprotein.
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Characteristics

Monotherapy Group

(Ny = 56)

Combination Therapy
Group (N, = 36)

Age, years, median (IQR) 59(48.75,64.25) 58(46.75,63.25) 60(55,65.25) 0.0536
BMI, median (IQR) 23.6(21175,26.225) 24.6(22.575,26.65) 2235(20.7,243) 0.0086
Gender, n (%)
Male 85(92.39) 52(92.86) 33(91.67) 1.0000
Female 7(7.61) 4(7.14) 3(8.33)
HBV/HCYV infection, n (%)
Presence 87(95.6) 54(98.18) 33(91.67) 0.2966
HBV 83(95.4) 53(98.15) 30(90.91)
HCY 4(46) 1(1.85) 3(9.09)
Absence 4(44) 1(1.82) 3(8.33)
EHS, n (%)
INM 20(21.74) 12(21.43) 8(2222) 09719
DM 17(18.48) 10(17.86) 7(19.44)
Absence 55(59.78) 34(6071) 21(58.33)
Other treatment before vascular intervention or Lenvatinib, n (%)
Presence 15(16.3) 5(8.93) 10(27.78) 0.0358
Absence 77(83.7) 51(91.07) 26(72.22)
Tumor number, n (%)
1 22(24.18) 14(25) 8(22.86) 05210
2 9(9.89) 7(12.5) 2(5.71)
>=3 60(65.93) 35(62.5) 25(71.43)
. 8.7(6.00,12.25) 9.45(6.175,12.250) 7.9(5.45,11.75) 0.1941
median (IQR)
Child-Pugh Grade, n (%)
A 74(80.43) 42(75) 32(88.89) 0.1708
B 18(19.57) 14(25) 4(1111)
(G 0(0) 0(0) 0(0)
PVTT type, n (%)
1 15(16.48) 7(12.5) 8(22.86) 0.4408
1 51(56.04) 35(62.5) 16(45.71)
m 20(21.98) 11(19.64) 9(25.71)
v 5(5.49) 3(5.36) 2(5.71)
ECOG PS score, n (%)
0 67(72.83) 42(75) 25(69.44) 05588
1 25(27.17) 14(25) 11(30.56)
Baseline AEF, ng/ml, 419.75(29.14,18061.50) 1648.5(53.63,18061.50) 115.3(14.49,13709.25) 02412

median (IQR)

AFP, alpha-fetoprotein; BMI, body mass index; DM, distant metastases; ECOG, Eastern Cooperative Oncology Groups EHS, extrahepatic spread; HBV, hepatic B virus; HCV, hepatic C virus;
IQR, interquartile range; LNM, lymph node metastases; PS, performance status.
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CircRNAs in diagnosis

Circ-MTO1
Circ-ZKSCAN1
Circ-0001649
Circ-005986
Circ-ITCH
Circ-0004018
Circ-0003570
Circ-100338
Circ-0005075

HBV/HCV-related circRNAs

CircPSD3
hsa_circ_0027089
CircMTO1
hsa_circ_0003570
Circ_101764
hsa_circ_100381
hsa_circ_103489
Circ_100338

Hepatocellular carcinoma

Upregulated circRNAs

Circ-BIRC6
Circ-CDYL
Circ-DB
Circ-ZEB1.33
Circ-ZNF652
CircB-catenin
CircDYNC1H1
CircFBLIM1
CircHIPK3

Downregulated circRNAs

Circ-ITCH
CircADAMTS13
CircADAMTS14

CircC3P1

CircCDK13

CircHIAT1

CircLARP4
CircMTO1
CircSETD3

CircSMAD2
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Non-

coding RNA

Reference

Circ_0004913 Inhibition of proliferation, metastasis, (338)
and glycolysis through absorbing
miR-184

Circ_KIAA1429 Increasing tumorigenesis (339)
Upregulation of HMGA2

Circular Increasing early occurrence of (340)

RNA hepatocellular carcinoma

hsa_circ_0005218 Binding to miR-31-5p to increase
CDK1 levels

Hsa_circ_0010882 ncreasing M2 polarization (341)
of macrophages

Circular nteraction with eEF2 to stimulate (342)

RNA Hippo signaling for impairing invasion

hsa_circ_0098181 and migration of tumor cells

Circular nhibition of miR-498 to increase (343)

RNA circ_0003028 ornithine decarboxylase 1 levels

Circ_0073228 ncrease in the growth of tumor cells (344)
and suppression of apoptosis

Hsa_circ_001726 Sponging miR-671-5p to increase (345)
PRMTY levels in enhancing invasion
and metastasis

Hsa_circ_0000092 Binding to miR-338-3p to increase (346)
HN1 levels in tumorigenesis

Circ_MAPK9 miR-642b-3p inhibition to enhance (347)
STAT3 and LDHA levels

Circ_ HMGCS1 Sponging miR-338-5p to increase IL-7 (348)
levels in cisplatin resistance

Circ-EIF31 Inhibition of miR-361-3p to increase (349)
DUSP2 levels in
enhancing tumorigenesis

CircZCCHC2 Stimulation of the Rho/ROCKk2 axis (350)

(hsa_circ_0000854) | and the regulation of miR-936/BTBD7
to elevate tumorigenesis

LncRNA ncrease in stemness through (351)

MIR4435-2HG regulation of rRNA 2’-O methylation

LncRNA FAM99B FAM99B can be derived from (352)
exosomes of mesenchymal stem cells
to suppress tumorigenesis

LncRNA LncRNA FAM13A-ASl is (353)

FAM13A-AS1 transcriptionally modulated by
PHOX2B to increase PPARY stability
to control drug resistance

LncRNA SNHG16 The exosomal SNHG6 can enhance the | (354)
metastasis of hepatocellular carcinoma
through upregulating MMP9

LncRNA Positive interaction with c-Myc to (355)

SLC2A1-DT increase carcinogenesis

LncRNA HEIH Binding to miR-193a-5p to upregulate (356)
CDKS8 to enhance growth and invasion

LncRNA Increase in glycolysis (357)

RP11-620]15.3

LncRNA SNHG1 SNHGI sponges miR-7-5p to increase (358)
IGF2BP2 levels

miR-612 miR-612 promotes RSL3- (359)
mediated ferroptosis

miR-375 miR-375 suppresses autophagy to (360)
disrupt sorafenib resistance

LINC00607 LINC00607 is induced by MYC and (361)
can promote tumorigenesis through
miR-584-3p sponging and
upregulating ROCK1

CircCPSF6 Sponging miR-145-5p to increase (362)
MAP4K4 levels

miR-26a Tumor exosomes can deliver miR-26a (363)
to reduce lymphoid enhancer factor 1
levels in impairing tumorigenesis

CircTMEM181 Upregulation of ARHGAP29 through (364)
inhibition of miR-519a-5p to
impair metastasis

Hsa_circ_0129047 Sponging miR-492 to increase LYVE1 (365)
levels in impairing tumorigenesis

Circ-SNX27 Accelerating tumorigenesis through (366)
sponging the miR-375/RPNI1 axis

Hsa_circ_0000098 Sponging miR-136-5p to increase (367)

MMP2 levels
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miRNAs in diagnosis

miR-185
miR-207
miR-219-1
miR-338
miR-1-2
miR-122
miR-124a-2
miR-125b-2
miR-126

miRNAs in therapy resistance

miR-93
miR-216a

miR-217

miR-181
miR-519d
MiR-26a/b

Tumor-promoting miRNAs

miR-130
miR-135a
miR-18
miR-181b-1
miR-21
miR-210
miR-221
miR-222
miR-224

Hepatocellular carcinoma

Tumor-suppressor miRNAs

let-7a-1
let-7a-2
let-7a-3
miR-122
miR-125a
miR-125b-1
miR-130a
miR-132
miR-136
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1D logfFC AveExpr P.Value adj.P.Val B

HALLMARK_COAGULATION 0.396871 0.002881 14.07214 1.23E-36 1.53E-35 72.15239
HALLMARK_BILE_ACID_METABOLISM 0.382569 0.027628 11.27163 1.09E-25 7.79E-25 47.07474
HALLMARK_XENOBIOTIC_METABOLISM 0.364831 0.018406 11.58021 7.64E-27 6.37E-26 49.71626
HALLMARK_FATTY_ACID_METABOLISM 0.310226 0.014717 10.10934 1.74E-21 9.69E-21 37.46812
HALLMARK_ADIPOGENESIS 0.268789 0.004818 9.798618 2.10E-20 8.75E-20 35.00108
HALLMARK_KRAS_SIGNALING_DN 0.257042 0.051305 14.45349 3.39E-38 5.66E-37 75.725
HALLMARK_PANCREAS_BETA_CELLS 0.254193 0.069833 10.2891 4.05E-22 2.53E-21 38.91581
HALLMARK_PEROXISOME 0.224815 0.016032 7.733553 9.07E-14 3.02E-13 19.89749
HALLMARK_OXIDATIVE_PHOSPHORYLATION 0.188229 -0.02831 5.237335 2.68E-07 6.08E-07 531765
HALLMARK_MYOGENESIS 0.178348 0.008016 7.341872 1.25E-12 3.89E-12 17.31888
HALLMARK_PROTEIN_SECRETION -0.15885 -0.02176 -5.50414 6.75E-08 1.61E-07 6.653213
HALLMARK_DNA_REPAIR -0.18869 -0.0277 -6.60549 1.31E-10 3.44E-10 12.7505
HALLMARK_UNFOLDED_PROTEIN_RESPONSE -0.20189 -0.04308 -7.77574 6.80E-14 243E-13 20.18114
HALLMARK_MTORCI_SIGNALING -0.20734 -0.02473 -8.06065 9.46E-15 3.64E-14 22.12588
HALLMARK_PI3K_AKT_MTOR_SIGNALING -0.21079 -0.03681 -9.84404 1.46E-20 6.65E-20 35.35885
HALLMARK_MYC_TARGETS_V2 -0.22072 -0.03908 -5.98397 4.95E-09 1.24E-08 9.196559
HALLMARK_MYC_TARGETS_V1 -0.32392 -0.02969 -9.92122 7.91E-21 3.95E-20 35.96902
HALLMARK_MITOTIC_SPINDLE -0.34664 -0.02638 -13.3943 6.67E-34 6.67E-33 65.88139
HALLMARK_G2M_CHECKPOINT -0.5273 -0.02842 -19.3794 4.99E-59 2.50E-57 123.547
HALLMARK_E2F_TARGETS -0.54227 -0.02069 -17.4787 6.85E-51 1.71E-49 104.8589

GSVA, Gene Set Variation Analysis; TCGA, The Cancer Genome Atlas; LIHC, Liver Hepatocellular Carcinoma.
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setSize  EnrichmentScore  NES  pvalue  padjust

PID_PLK1_PATHWAY 40 0.78289 209020 242 294E-06 242
08 06
REACTOME_ACTIVATED_PKN1_STIMULATES_TRANSCRIPTION_OF_AR_ANDROGEN_RECEPTOR_REGULATED_GENES_KLK2_AND_KLK3 | 39 0.73692 196762 242E-  LISE-04  967E-
06 05
WP_GASTRIC_CANCER_NETWORK_1 2 0.78401 196416  636E-  260E04 2.14E-
06 [
REACTOME_RESOLUTION_OF_SISTER_CHROMATID_COHESION 110 0.66768 196171 245E-  668E-08  5.49E-
10 08
REACTOME_DNA_METHYLATION 39 0.73250 195581 375E-  177E04  145E-
06 [
REACTOME_MITOTIC_SPINDLE_CHECKPOINT 101 0.67068 195341 141E-  247E07  2.03E-
[ 07
PID_AURORA_B_PATHWAY 39 073126 195252 401E-  182E04  150E-

06 [
REACTOME_CONDENSATION_OF_PROPHASE_CHROMOSOMES 47 07159 195189 684E-  438E-05  3.60E-
07 05
REACTOME_POLO_LIKE_KINASE_MEDIATED_EVENTS 16 0.84066 194058  L42E-  492E-04
05
REACTOME_ASSEMBLY_OF_THE_ORC_COMPLEX_AT_THE_ORIGIN_OF_REPLICATION 37 072418 192328 295E-  861E-04  7.07E-
05 o
REACTOME_PRC2_METHYLATES_HISTONES_AND_DNA 47 0.70481 192149 2.09E-  1.09E04  895E-
06 05
REACTOME_MEIOTIC_RECOMBINATION 60 0.67748 189256 245E-  LISE-04  967E-
06 05
REACTOME_SIRTI_NEGATIVELY_REGULATES_RRNA_EXPRESSION 4 070152 188391  268E-  7.94E04  652E-
05 04
REACTOME_DNA_STRAND_ELONGATION 31 072195 186609  577E-  143E-03  LI7E-
05 03
REACTOME_UNWINDING_OF_DNA 1 0.87994 186465  378E-  101E03  832E-
05 [
REACTOME_ACTIVATION_OF_THE_PRE_REPLICATIVE_COMPLEX 26 0.73488 185837 316E-  520E03  4.27E-
04 03
REACTOME_DEPOSITION_OF_NEW_CENPA_CONTAINING_NUCLEOSOMES_AT_THE_CENTROMERE 46 0.68165 185505  245E-  7.50E-04
05
REACTOME_TP53_REGULATES_TRANSCRIPTION_OF_GENES_INVOLVED_IN_G1_CELL_CYCLE_ARREST 14 0.81389 182366 3.02E-  5.12E03  421E-
04 03
WP_CANONICAL_AND_NONCANONICAL_NOTCH_SIGNALING 27 0.66362 170227 410E-  358E02  295E-
03 02
REACTOME_OXIDATIVE_STRESS_INDUCED_SENESCENCE 92 0.54154 157475 802E-  LO7E-02  8.79E-
04 03

GSEA, Gene Set Enrichment Analysis; TCGA, The Cancer Genome Atlas; LIHC, Liver Hepatocellular Carcinoma.
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ONTOLOGY ID Description GeneRatio  BgRatio pvalue p.adjust qvalue

BP GO:0032373  positive regulation of sterol transport 2/6 38/18614 6.06E-05 1.60E-02 6.25E-03
BP GO:0032376  positive regulation of cholesterol transport 2/6 38/18614 6.06E-05 1.60E-02 6.25E-03
BP GO:0034381  plasma lipoprotein particle clearance 2/6 55/18614 1.28E-04 2.24E-02 8.78E-03
BP GO:0032371 | regulation of sterol transport 2/6 79/18614 2.64E-04 2.41E-02 9.43E-03
BP GO:0032374 | regulation of cholesterol transport 2/6 79/18614 2.64E-04 2.41E-02 9.43E-03
cc GO:0000932  P-body 2/6 98/19518 3.69E-04 2.38E-02 7.65E-03
I cc GO:0036464  cytoplasmic ribonucleoprotein granule 2/6 253/19518 2.43E-03 2.38E-02 7.65E-03
cc GO:0035770  ribonucleoprotein granule 2/6 271/19518 2.78E-03 2.38E-02 7.65E-03
CcC GO:0005770  late endosome 2/6 296/19518 3.30E-03 2.38E-02 7.65E-03
cc GO:0043220  Schmidt-Lanterman incisure 1/6 11/19518 3.38E-03 2.38E-02 7.65E-03
MF GO:0070878 = primary miRNA binding 1/6 10/18369 3.26E-03 4.37E-02 1.48E-02
MF GO0:1990247 = N6-methyladenosine-containing 1/6 10/18369 3.26E-03 4.37E-02 1.48E-02
RNA binding
MF GO:0046790 | virion binding 1/6 11/18369 3.59E-03 4.37E-02 1.48E-02
MF GO:0004859 = phospholipase inhibitor activity 1/6 12/18369 3.91E-03 4.37E-02 1.48E-02
MF GO:0008035 | high-density lipoprotein particle binding 1/6 12/18369 391E-03 4.37E-02 1.48E-02
KEGG hsa04380 Osteoclast differentiation 2/5 135/8659 2.34E-03 4.68E-02 2.96E-02

GO, Gene Ontology; BP, Biological Process; CC, Cellular Component; MF, Molecular Function; KEGG, Kyoto Encyclopedia of Genes and Genomes; CSR&PRDEGs, Cellular Senescence-Related
and Pyroptosis-Related Differentially Expressed Genes.





OPS/images/fonc.2025.1485421/table3.jpg
Characteristics Total(N) Univariate analysis Multivariate analysis

Hazard ratio (95% ClI) P value Hazard ratio (95% CI) P value
Age 349
<= 60 171 Reference
> 60 178 1.247 (0.862 - 1.803) 0.241
Gender 349
FEMALE 111 Reference
MALE 238 0.760 (0.523 - 1.106) 0.152
Stage 349
Stage 1 173 Reference Reference
Stage 11 86 1417 (0.868 - 2.312) 0.164 1181 (0.717 - 1.945) 0514
Stage IIT 85 2734 (1.792 - 4.172) <0.001 2.186 (1.416 - 3.374) <0.001
Stage IV 5 5597 (1.726 - 18.148) 0.004 7.259 (2.223 - 23.702) 0.001
RiskScore 349 5.541 (3.175 - 9.670) <0.001 5.019 (2.790 - 9.029) <0.001

TCGA, The Cancer Genome Atlas; LIHC, Liver Hepatocellular Carcinoma.
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GSE84402 GSE46408

Platform GPL570 GPL4133
Type Array Array
Species Homo sapiens Homo sapiens
Tissue Liver Liver
Samples in LIHC group 14 6
Samples in 14 6
Normal group

Reference PMID: 28810927 PMID: 23922981

GEO, Gene Expression Omnibus.
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Characteristics Overall

n 373
Age (%)

<= 60 177 (47.5)
> 60 196 (52.5)

Gender (%)

FEMALE 121 (32.4)

MALE 252 (67.6)
V Stage (%)

Stage I 173 (49.6)

Stage II 86 (24.6)

Stage IIT 85 (24.4)

Stage IV 5(1.4)

TCGA, The Cancer Genome Atlas; LIHC, Liver Hepatocellular Carcinoma.
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Patients TL Group P
Age (years) 0.377
<70 144 54 (81.8%) 90 (87.4%)
>70 25 12 (18.2%) 13 (12.6%)
Sex 0.078
Female 31 7 (10.6%) 24 (23.3%)
Male 137 59 (89.4%) 78 (75.7%)
fﬁ::t(:i:;neter of the 1.000
<7 64 25 (37.9%) 39 (37.9%)
>7 105 41 (62.1%) 64 (62.1%)
Tumor number 0.302
<3 49 16 (24.27%) 33 (32.0%)
>3 120 50 (75.8%) 70 (68.0%)
HBV 0.080
NO 46 23 (34.8%) 23 (22.3%)
Yes 123 43 (65.2%) 80 (77.7%)
Child-Pugh class 0.828
A 147 57 (83.82%) 90 (82.57%)
B 30 11 (16.18%) | 19 (17.43%)
AFP (ng/mL) 0.525
<400 73 26 (39.4%) 47 (45.6%)
>400 96 40 (60.6%) 56 (54.4%)
TBIL (umol/L) 0.533
<32 140 53 (80.3%) 87(84.5%)
>32 29 13 (19.7%) 16 (15.5%)
| ALB(g/L) 0.136
<40 59 28(42.4%) 31 (30.1%)
>40 110 38 (57.6%) 72 (69.9%)
PVTT 0.752
NO 91 37 (56.1%) 54(52.4%)
Yes 78 29 (43.9%) 49 (47.6%)
PNI 0.467
<445 94 39 (59.1%) 55(53.4%)
>44.5 75 27(40.9%) 48(46.6%)
Extrahepatic Metastasis 0.563
NO 52 22 (33.3%) 30 (29.1%)
Yes 119 44 (66.7%) 73 (70.9%)
BCLC Period 0.978
B 28 11 (16.7%) 17(16.5%)
c 141 55(83.3%) 86 (83.5%)

HBV, Hepatitis B virus; AFP, serum o-fetoprotein; TBIL, Total bilirubin; ALB, albumin; PVTT, Portal Vein Tumor Thrombosis; BCLC, Barcelona Clinic Liver Cancer; PNI, Prognostic
Nutritional Index.
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Univariate Analysis Multivariate Analysis

Variables (OS)

95% ClI 95% Cl
Age (years)
<70
1.428 0.749-2.725 0.279 - =] =
>70
Sex
Female
1.444 0.754-2.765 0.268 - - =
Male

Largest diameter of the tumor (cm)

<7
2.642 1.581-4.417 <0.001* 2490 1.415-4.382 0.002
>7

Tumor number

<3

1128 0.681-1.870 0.640 - - -
>3

HBV

NO
1.193 0.697-2.042 0.520 - = =
Yes

Child-Pugh class

A
3.132 1.818-5.398 <0.001* 1.053 0.517-2.145 0.886
B

AFP (ng/mL)

<400
1.966 1.217-3.175 0.006 1.396 0.827-2.355 0211
>400

TBIL (umol/L)

<32
2474 1.401-4.369 0.002 2305 1.166-4.559 0.016
>32

Extrahepatic Metastasis

NO
0.754 0.461-1.235 0.262 - - =
Yes

PVTT

NO
1373 0.857-2.201 0.188 - - =
Yes

Treatment

TACE+Lenvatinib

TACE 0.511 0.316-0.825 0.006 0.508 0.310-0.830 0.007

+Lenvatinib+Tislelizumab

PNI

<44.5
0.367 0.220-0.611 <0.001* 0.434 0.250-0.753 0.003
>44.5
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+Lenvatinib+Tislelizumab

PNI
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0.392 0.235-0.653 <0.001* 0476 0.281-0.805 0.006
>44.5
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Variable TLT group
(n, %)
Complete 5(4.9%) 2(3.0%)
response
Partial response 63(61.2%) 29(43.9%)
Stable disease 30(29.1%) 30(45.5%)
Progressive 5(4.8%) 5(7.6%)
disease
Objective 68(66.1%) 31(46.9%) 0.014

response
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HR (95%Cl)

Age 1.031 (0.992-1.072) 0.118
Lym 0.654 (0.428-1.001) 0.051
Mon 3.664 (1.473-9.113) 0.005
Globulin L.11 7(1.057-1.18) <0.001
ALP 1.002 (0.997-1.007) 0.476
PALB 0.994 (0.989-0.999) 0.028

Lym, lymphocytes; Mon, monocytes; ALP, alkaline phosphatase; PALB, pre-albumin.
Mon, Globulin, PALB and the results are bold to indicate variables selected.
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Training Validation

cohort(N=179) Cohort (N=78)

Age (mean [SD]) 55.54(10.58) 55.82(8.67) 0.358"
WBC (median[IQR]) 4.93 [3.67, 6.36 4.80 [3.78, 6.23 0.846%
V Neu (median[IQR]) 2.75 [2.00, 4.14 2.92 [2.03,3.93 0.780
Lym (median[IQR]) 1.22 [0.86, 1.69 1.26 [0.86, 1.66 0.874
Mon (median[IQR]) 0.38 [0.28, 0.52 0.36 [0.29, 0.53 0.867
Eosinophil (median[IQR]) 0.12 [0.05, 0.19 0.12 [0.06, 0.20 0.832
Basophil (median[IQR]) 0.01 [0.01, 0.02 0.01 [0.01, 0.02 0.974
RBC (median[IQR]) 4.25 [3.74, 4.56 4.42 [3.86, 4.74 0.061
Hb (median[IQR]) 135.00 139.50 0.111
119.00, 146.50 124.25, 149.00
PLT (median[IQR]) 113.00 128.50 0.964
76.50, 160.50] 75.00, 157.25]
ALT (median[IQR]) 26.50 26.00 0.512
19.25, 37.30 19.00, 34.28
AST (median[IQR]) 28.70 28.00 0.251
[22.40, 37.00 21.68, 34.80
AST/ALT (median[IQR]) 1.04 [0.84, 1.40] 1.06 [0.85, 1.35] 0.934
V TBIL (median[IQR]) 16.60 15.90 0.459
[11.60, 23.55 [11.83,21.35
Alb (median[IQR]) 37.50 37.65 0.675
[34.40, 40.10 [34.82, 40.48
Globulin (median[IQR]) 27.40 27.65 0.691
24.30, 30.70 24.02, 31.60
GGT (median[IQR]) | 58.40 65.15 0.435
33.10, 101.00] 40.55, 107.67]
ALP (median[IQR]) 82.10 81.35 0.435
69.00, 104.70] 63.17, 101.92]
PALB (median[IQR]) 135.85 144.50 0.471
96.85, 177.23] 109.40, 174.50]
Bile acid (median[IQR]) 13.10 14.30 [7.82, 26.48] | 0.205
5.95, 25.20]
Cr (median[IQR]) 65.80 64.20 0.622
58.55, 73.92] [58.00, 72.75]
CHOL (median[IQR]) 3.82 [3.32, 4.47] 3.79 [3.36, 4.23] 0.530
TG (median[IQR]) 0.94 [0.73, 1.24] 0.92 [0.74, 1.33] 0.830
HDL (median[IQR]) 1.06 [0.83, 1.31] 1.08 [0.89, 1.28] 0.689
LDL (median[IQR]) 2.03 [1.64, 2.58] 2.24 [1.92, 2.86] 0.060
PT (median[IQR]) 12.30 12.15 | 0.854
[11.50, 13.20] [11.25, 13.38]
PTA (median[IQR]) 85.80 88.50 0.558
[78.17, 95.45] [76.25, 98.75]
NR (median[IQR]) 1.10 [1.02, 1.15] 1.08 [1.00, 1.19] 0.792
TT (median[IQR]) 15.70 15.25 0.562
[14.30, 17.45] [13.62, 16.65]
Fib (median[IQR]) 2.74 [2.23, 3.37] 2.83 [2.33, 3.36] 0.562
‘ AFP (mean([SD]) 207.81 (739.43) 269.98 (899.80) 0.952
Tumor size(mean [SD]) 26.07(16.69) 26.55(16.48) ‘ 0.832
Tumor number(mean [SD]) 1.58(0.92) 1.41(0.71) 0.160
Anti-viral therapy »
No 85 37 0904
Yes 94 41
ALD
No 73 26 0.259
Yes 106 52 |
Diabetes
No 131 52 0.289
Yes 48 26 |
Hypertension
No 127 59 0.439
Yes 52 19
Cirrhosis
No 22 5 0.158
Yes 157 73

Abbreviations and units: WBC, White blood cells(x1019); Neu, neutrophils(x1019); Lym,
lymphocytes(x1019); Mon, monocytes(x1079); RBC, red blood cells(x1019); Hb,
hemoglobin(g/L); PLT, platelets(x1079); Alb, albumin(g/L); AST, aspartate
aminotransferase(U/L); ALT, alanine aminotransferase(U/L); TBIL, total bilirubin(pumol/L);
PALB, pre-albumin(mg/L); bile acid(umol/L); GGT, gamma-glutamyl transferase(U/L); ALP,
alkaline phosphate(U/L); CHOL, cholesterol(mmol/L); TG, triglycerides(mmol/L); HDL,
high-density lipoprotein cholesterol(mmol/L); LDL, low-density lipoprotein cholesterol
(mmol/L); Cr, Creatine(umol/L); PT, prothrombin time(s); PTA, prothrombin activity(%);
INR, international normalized ratio; T'T, thrombin time(s); Fib, fibrinogen(g/L); AFP, alpha-
fetoprotein(ng/mL); Tumor size(mm); ALD, alcoholic liver disease.1: independent t test; 2:
non-parametric test; 3: Pearson Chi-square test.
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'WBC (median [IQR])
Neu (median [IQR])
Lym (median [IQR])
Mon (median [IQR])
Eosinophil (median [IQR])
Basophilia (median [IQR])
RBC (median [IQR])
Hb (median [IQR])
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PT (median [IQR])

PTA (median [IQR])
INR (median [IQR])

Fib (median [IQR])

TT (median [IQR])

AFP (mean (SD))

Tumor size (mean [SD])
Tumor number (mean [SD])

Hypertension
No
Yes

Diabetes
No
Yes

| Antiviral therapy
No
Yes

ALD
No
Yes

Cirrhosis
No
Yes

Group 1: patients without smoking or drinking habits; Group 2: patients with either smoking or drinking habit; Group 3: patients with smoking and drinking habits. Abbreviations and units:
WBC, White blood cells(x1049); Neu, neutrophils(x10A9); Lym, lymphocytes(x10A9); Mon, monocytes(x1049); RBC, red blood cells(x1079); Hb, hemoglobin(g/L); PLT, platelets(x1079); Alb,
albumin(g/L); AST, aspartate aminotransferase(U/L); ALT, alanine aminotransferase(U/L); TBIL, total bilirubin(umol/L); PALB, pre-albumin(mg/L); GGT, gamma-glutamyl transferase(U/L);
ALP, alkaline phosphate(U/L); CHOL, cholesterol(mmol/L); TG, triglycerides(mmol/L); HDL, high-density lipoprotein cholesterol(mmol/L); LDL, low-density lipoprotein cholesterol(mmol/L);
Cr, Creatine(jumol/L); PT, prothrombin time(s); PTA, prothrombin activity(%); INR, international normalized ratio; TT, thrombin time(s); Fib, fibrinogen(g/L); AFP, alpha-fetoprotein(ng/mL);
Tumor size(mm); ALD, alcoholic liver disease.1: independent t tes
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Parameter 95% lower 95% upper

confidence limit confidence limit
HCC vs. CCC 0.674 0.070 5.567
Child-Pugh score 1.539 0.998 2373
ALBI grade 6.136 1.664 22.626
Portal vein thrombus 1.769 0.388 8.061
Tumor diameter 1018 0.998 1.040
Prescribed dose (Gy) 1.084 0.974 1.208
BED (Gy) 1.003 0.999 1.006
Bilirubin (mg/dL) 1.598 0914 2794
Albumin (g/dL) 0.323 0.100 1.050
Liver700cc* (EQD2, Gy) 1.050 0.983 1123
Liver800cc** (EQD2, Gy) 1.036 0.992 1.081
Mean liver dose (EQD2, Gy) 0.982 0.902 1.069

HCC, hepatocellular carcinoma; CCC, cholangiocarcinoma; EQD2, equivalent dose at 2-Gy fractions; ALBI, albumin-bilirubin; BED, biologically effective dose.
*700 cc of uninvolved liver.
**800 cc of uninvolved liver.
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Number of patients

(% or range)

Age

Median (range) 74 (53-93)
Gender

Male 54 (78%)

Female 15 (22%)
Hepatocellular carcinoma 58 (84%)
Cholangiocarcinoma 11 (16%)
Etiology of liver disease

HBV 7 (10%)

HCV 10 (15%)
Alcohol induced 16 (23%)
NASH 7 (10%)
Treatments before study inclusiont

No 35 (51%)

Yes 34 (49%)

Resection 15 (21%)

RFA 3 (4%)

TACE 24 (35%)

SBRT 5 (7%)

Systemic treatment 1 (1%)

SIRT 7 (10%)
BCLC

A 25 (36%)

B 24 (35%)

C 19 (28%)

D 1(2%)
Metastatic disease 9 (13%)
Child-Pugh score baseline

A 52 (76%)

B 16 (23%)

[0} 1 (1%)
ALBI grade

1 37(54%)

2 28 (41%)

3 4 (6%)
ALBI score -2.56 (-1.01, -3.78)
Albumin 4 (2.6-5)
Bilirubin 0.8 (0.2-5.0)
Maximal tumor diameter (median, 48 (14-215)
range), mm
Portal vein thrombosis (PVT) 16 (23%)
Total prescribed dose, median (IQR) 60 (50-60) Gy
BED,, median (IQR) 102 (90-105) Gy
Dose per fraction, median (IQR) 8 (6.5-12) Gy
Number of fractions, median (IQR) 8 (6-12)

HCC, hepatocellular carcinoma; CCC, cholangiocarcinoma; NASH, non-alcoholic
steatohepatitis; BCLC, Barcelona Clinic Liver Cancer; TACE, transarterial
chemoembolization; SIRT, selective internal radiation therapy; PVT, portal vein
thrombosis; SBRT, stereotactic body radiation therapy; ALBI, albumin-bilirubin; RFA,
radiofrequency ablation; HBV, hepatitis B virus; HCV, hepatitis C virus.

‘tSome patients received multiple treatments.
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Parameter 95% lower 95% upper

confidence limit confidence limit
HCC vs. CCC 175 0.519 2.669 0.69
Child-Pugh score 1247 1.030 1.509 0.02
ALBI grade 2,094 1.344 3262 0.001
Portal vein thrombus ‘ 2137 1.094 4.173 0.03
Tumor diameter ‘ 1.011 1.002 1.020 0.02
Prescribed dose (Gy) 0997 0.964 1.031 0.87
BED (Gy) | Lo01 0.999 1.003 039
Bilirubin (mg/dL) | 0963 0.720 1287 079
Albumin (g/dL) : 0479 0.29 0.776 0.003

HCC, hepatocellular carcinoma; CCC, cholangiocarcinoma; ALBI, albumin-bilirubin; BED, biologically effective dose.
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Parameter

ALBI grade
Portal vein thrombus

Tumor diameter

ALBI, albumin-bilirubin.

2324

1.184

1012

95% lower
confidence limit

1.357
0.473

1.003

95% upper

confidence limit
380
2962

1.022

0.002

0.72

0.12
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Parameter 95% lower 95% upper

confidence limit confidence limit
HCC vs. CCC 0511 0.155 1.687 027
Child-Pugh score 1.023 0.805 1.300 0.85
ALBI grade 0.904 0.493 1.658 0.74
Portal vein thrombus 2,656 1271 5.549 0.009
Tumor diameter 1.007 0.994 1019 0.29
Prescribed dose (Gy) 1.084 0.974 1.208 0.14
BED (Gy) 0.997 0.989 1.005 0.47
Bilirubin (mg/dL) 0945 0.706 [ 1.266 071
Albumin (g/dL) 0.991 0.569 1.727 0.98

HCC, hepatocellular carcinoma; CCC, cholangiocarcinoma; ALBI, albumin-bilirubin; BED, biologically effective dose.
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Any Grade NO.(%) Grade 3-5 NO.(%)

TLT group(n=103) TL group(n=66) TLT group(n=103) TL group(n=66)
Abdominal pain 60(58.2%) 32(48.5%) 5(4.9%) 2(3.0%)
Nausea 48(46.6%) 29(43.9%) 4(3.9%) ‘ 3(4.5%)
Fatigue 45(43.7%) 20(30.3%) 1(0.9%) 0(0%)
Hypertension 40(38.8%) 23(34.8%) 5(4.9%) 3(4.5%)
Fever 35(40.0%) | 28(42.4%) 0(0%) | 0(0%)
Decreased appetite 26(25.2%) 25(37.8%) 3(2.9%) 2(3.0%)
Hand-foot skin reaction 12(11.6%) 9(13.6%) 2(1.9%) 1(1.5%)
Abnormal liver function 23(22.3%) 13(19.7%) 2(1.9%) 0(0%)
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Molecular Reference

pathway

pSmad3C/3L Astragaloside IV disrupts cancer (228)
and Nrf2/ progression through reducing fibrosis by
HO-1 upregulating pSmad3C, pNrf2, HO-1, and

NQOLI and downregulating pSmad2C,
pSmad2L, pSmad3L, PAI-1, and o-SMA

FNDC5 FNDC5 stimulates PI3K/Akt/Nrf2 axis to (229)
mediate sorafenib resistance

Nrf2 Chlorogenic Acid decreases apoptosis and (230)
DNA damage through Nrf2 upregulation

p62- Arenobufagin mediates autophagy- (231)

Keapl-Nrf2 related ferroptosis

Nrf2 The SUMOylation of Nrf2 increases serine (232)
synthesis and increases cancer progression

Nrf2/HO-1 Astragaloside IV disrupts metastasis (233)

and TGF- through upregulating Nrf2/pNrf2, HO-1,

B1/Smad3 pSmad3C, and p21 and downregulating

pSmad3L and c-Myc

CPLX2 CPLX2 enhances Nrf2 levels to reduce (234)
apoptosis and ferroptosis

p62- Metformin and sorafenib combination can (235)
Keapl-Nrf2 downregulate Nrf2 to enhance ferroptosis
ALDH2 ALDH2 prevents immune evasion through (236)

ROS/Nrf2-induced autophagy

Nrf2 Camptothecin downregulates Nrf2 to (237)
suppress angiogenesis and metastasis

Nrf2/ARE Camptothecin downregulates Nrf2/ARE (238)
axis to enhance sorafenib sensitivity

GSTZ1 Loss of GSTZ1 stimulates Nrf2 to (239)
enhance proliferation

NRF2/SHH Enhancement in tumor-initiating cell (120)
lineage and chemoresistance

CDCA2 CDCA2 supports against oxidative damage (240)
through inducing BRCA1/Nrf2 axis

Nrf2 Enhancement in stemness, metastasis and (241)
ABC transporter gene expression

Nrf2/EMT Regulation of cancer metastasis (242)

SLC27A5 Loss of SLC27A5 stimulates Nrf2/TXNRD1 (243)
axis through lipid peroxidation

Nrf2 Nrf2-siRNA can suppress HIF-10/HSP70 to | (244)
enhance drug sensitivity

Nrf2/MAPK Oxygen therapy controls Nrf2/MAPK axis (245)
to promote apoptosis mediated
selenium compounds

TRIM25 TRIM25 stimulates Nrf2 to enhance (184)
survival and growth of HCC
NOX4 NOX2 upregulation increases (246)

mitochondrial ROS levels to enhance
tumorigenesis and mediate mitophagy by
Nrf2/PINKI1 axis

Nrf2 Upregulated Nrf2 promotes HIF-10. (188)
stability to mediate pseudohypoxia

UBR7 UBR7 impairs cancer progression through (247)
regulation of Keapl/Nrf2/Bach1/HK2
and glycolysis

Nrf2 Nrf2 mediates metabolism of Acetyl-CoA (182)

and promotes tumorigenesis

IGF2BP3/ IGF2BP3 increases Nrf2 stability to (248)
NRF2 prevent ferroptosis
SOCS1 Loss of SOCS1 promotes Nrf2 levels to (197)

mediate tumorigenesis

c-Myc c-Myc increases GOT1 and Nrf2 levels to (249)
reduce ferroptosis
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RECIST1.1 mRECIST

Comb(n=36) Mono(n=56) Comb(n=36) Mono(n=56)
CR 0(0%) 0(0%) - 4(11.11%) 3(5.35%) 0.426
PR 5(13.89%) 1(1.79%) <0.05 1 16(44.44%) 12(21.43%) <005
SD 30(83.33%) 43(76.79%) 0.449 15(41.67%) 33(58.93%) 0.106
PD 1(2.78%) 12(21.42%) <0.05 1(2.78%) 8(14.29%) 0.084
ORR(CR+PR) 5(13.89%) 1(1.79%) <0.05 20(55.56%) 15(26.79%) <0.05
DCR(CR+PR+SD) 35(97.22%) ' 44(78.58%) <0.05 35(97.22%) 48(85.71%) 0.084

Come, Combination therapy group; CR, Complete Response; DCR, Disease Control Rate; Mono, Monotherapy groups ORR, Overall Response Rate; PD, Progressive Disease; PR, Partial
Response; RECIST, Response Evaluation Criteria In Solid Tumors; mRECIST, modified Response Evaluation Criteria In Solid Tumors; S, Stable Disease.
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Adverse event Any grade Grade 3-4

Hypertension 13(36.11) 1(2.78)
Fatigue 11(30.56) 0(0)
Decreased appetite 9(25.00) 0(0)
Diarrhea 7(19.44) 0(0)
Nausea 5(13.89) 0(0)
Abdominal pain 4(11.11) 0(0)
Hand-foot skin reaction 4(11.11) 0(0)
Dysarthria 3(8.33) 0(0)
Fever 2(5.56) 0(0)

V Constipation 1(2.78) 0(0)

Values are presented as n (%).
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USP8 Inhibition of USP8, by stabilizing OGT and impacting cystine uptake via SLC7A11, effectively suppresses (286)
hepatocellular carcinoma progression and induces ferroptosis, suggesting its potential as a therapeutic target for
HCC treatment.

IncRNA EPS15-AS1 IncRNA EPS15-AS1 induces ferroptosis in liver hepatocellular carcinoma by downregulating EPS15 and (287)
AKRIBI, disrupting redox balance and inhibiting cell invasiveness, highlighting its potential as a therapeutic
target and diagnostic biomarker for LIHC.

SLC7A11 and GPX4 Gallic acid induces ferroptosis in hepatocellular carcinoma cells by inhibiting SLC7A11 and GPX4 expression (288)
and blocking the Wnt/B-catenin pathway, highlighting its potential as a therapeutic agent for HCC.

CENPA/STMN1 The prognostic risk model based on eight TF-ferrGene regulatory network-related genes, particularly (289)
highlighting the CENPA/STMNI1 network, effectively predicts HCC patient outcomes by modulating
ferroptosis and influencing malignant phenotypes through transcriptional regulation.

HNRNPL and S100A9 HNRNPL and S100A9 are overexpressed in hepatocellular carcinoma (HCC) and promote ferroptosis (290)
resistance; silencing HNRNPL enhances ferroptosis by reducing cellular antioxidants and increasing oxidative
stress markers, while SI00A9 overexpression or ferroptosis inhibition reverses these effects, suggesting a
targetable mechanism for enhancing ferroptosis in HCC therapy.

ATF3 Brusatol (BRU) inhibits hepatocellular carcinoma (HCC) growth by inducing ATF3-mediated ferroptosis, (291)
highlighting its potential as an effective therapeutic agent for HCC.

ATE3 Saikosaponin A (SsA) induces ferroptosis in hepatocellular carcinoma (HCC) cells by inhibiting SLC7A11 and  (292)
activating ATF3 through endoplasmic reticulum stress, highlighting its potential as a therapeutic ferroptosis
inducer in HCC treatment.

ATF4 Dihydroartemisinin (DHA) induces ferroptosis in hepatocellular carcinoma (HCC) by inhibiting ATF4, thus (293)
decreasing SLC7A11 expression and enhancing lipid peroxidation, also improving chemosensitivity to
sorafenib, offering a novel therapeutic approach for HCC.

DDX5 DDX5 sensitizes hepatocellular carcinoma (HCC) to sorafenib by inhibiting Wnt/B-catenin signaling and (294)
inducing ferroptosis, offering a promising therapeutic strategy when overexpressed in combination with multi-
tyrosine kinase inhibitors (mTKIs).

PIAS3 The study identifies PIAS3 as a key promoter of ferroptosis in hepatocellular carcinoma (HCC) by regulating  (295)
TXNIP through TGF-B signaling, suggesting a novel therapeutic target for enhancing ferroptotic sensitivity in
HCC treatment.

NeuroD1 NeuroD1 promotes resistance to ferroptosis in hepatocellular carcinoma (HCC) by upregulating GPX4, (296)
enhancing cell survival and tumorigenic potential, highlighting it as a potential target for antitumor therapy.

Nrf2/HO-1/GPX4 PPI inhibits hepatocellular carcinoma (HCC) growth by inducing ferroptosis through the modulation of the (232)
Nrf2/HO-1/GPX4 antioxidant axis and causing mitochondrial dysfunction, with effects comparable to those
of sorafenib.

circFAM134B circFAM134B as a regulator of ER-phagy-mediated ferroptosis in hepatocellular carcinoma (HCC) by sponging  (297)

PABPCH4 to stabilize FAM134B mRNA, enhancing the effectiveness of lenvatinib treatment through increased
ROS and Fe2+ levels.

METTL9 METTLY promotes hepatocellular carcinoma progression by inhibiting ferroptosis through upregulation of (224)
SLC7AL1, with its knockdown significantly reducing tumor viability, migration, and invasion, suggesting
METTLY as a potential therapeutic target for HCC.

CircPIAS1 CircPIAS1 promotes hepatocellular carcinoma progression by inhibiting ferroptosis through the miR-455-3p/ (298)
NUPRI/FTHI axis, with NUPRI inhibition sensitizing HCC cells to lenvatinib.

VDAC2 Celastrol targets VDAC2 to induce mitochondria-dependent ferroptosis and apoptosis in hepatocellular (299)
carcinoma, with liposome-based delivery enhancing its efficacy and reducing side effects.

ERK Sorafenib induces ferroptosis in hepatocellular carcinoma by promoting TRIM54-mediated ubiquitination and (300)
degradation of FSP1 via the ERK pathway, with FSP1 reducing sorafenib sensitivity and enhancing
tumor development.

FGF21 FGF21 promotes ferroptosis in hepatocellular carcinoma by upregulating Major vault protein (MVP), which (301)
enhances NOX4-mediated ROS production through IRF1 and YAPI interactions.

Circ_0016142 Circ_0016142 promotes hepatocellular carcinoma cell proliferation by inhibiting ferroptosis through the miR-  (31)
188-3p/GPX4 axis.

FABP5 FABP5 drives obesity-induced hepatocellular carcinoma by promoting lipid peroxidation resistance and (302)
immunosuppression, while its inhibition induces ferroptosis and a pro-inflammatory tumor microenvironment,
offering a potential therapeutic strategy.

MerTK MerTK drives anti-PD-1/PD-LL resistance in hepatocellular carcinoma by limiting ferroptosis and promoting | (303)
an immunosuppressive microenvironment, with its inhibition by sitravatinib enhancing therapy efficacy.

HO-1 ST ethanol extract induces ferroptosis in hepatoma cells through HO-1 expression and GPX4 suppression, with | (304)
enhanced efficacy when combined with lenvatinib, even in resistant cells.

URBI-ASL URBI-AS1 IncRNA suppresses ferroptosis in sorafenib-resistant hepatocellular carcinoma by reducing free iron |~ (305)
content, with its inhibition enhancing sorafenib sensitivity, offering a potential strategy to overcome resistance.

FSP1 Ginsenoside RK1 induces ferroptosis in hepatocellular carcinoma cells by depleting GSH and increasing MDA (306)
and iron levels, with its effects modulated by Ferroptosis suppressor protein 1 (FSP1).

DUSP4 DUSP4 suppresses ferroptosis in hepatocellular carcinoma by regulating ferritin mRNA localization through (307)
YTHDCI phosphorylation, contributing to sorafenib resistance.

HMOX1 F30, a FGFR4-targeting compound, induces ferroptosis in hepatocellular carcinoma cells by dysregulating iron (308)
levels and redox balance, with its effects dependent on HMOXI1.

HRAS HRAS promotes hepatocellular carcinoma progression by upregulating HSPBI, reducing ferroptosis, and (309)
enhancing cell proliferation and invasion.

- Arvanil induces ferroptosis in hepatocellular carcinoma cells by increasing mitochondrial calcium flow and (310)
enhancing cisplatin chemosensitivity, offering potential as a therapeutic candidate for HCC.

SOX8 SOX8 overexpression triggers ferroptosis in hepatocellular carcinoma by disrupting glycolipid metabolism, (311)
redox balance, and iron homeostasis, suggesting a novel therapeutic strategy for HCC.

- Celastrol inhibits hepatocellular carcinoma cell proliferation by inducing ferroptosis, with RRM2 playing a key = (312)
role in modulating its effects on tumor growth and ferroptosis.

HAND2-AS1 HAND2-AS] reverses lenvatinib resistance in hepatocellular carcinoma by promoting ferroptosis through the (313)
TLR4/NOX2/DUOX2 pathway via miR-219a-1-3p, with low HAND2-AS1 levels linked to early recurrence.

1L1B Ferroptosis in hepatocellular carcinoma promotes tumor growth and metastasis through a macrophage/IL13/ (314)
neutrophil axis, which can induce sorafenib resistance, with targeting this inflammatory pathway enhancing
sorafenib efficacy.

- An oral nanoparticle platform combining sorafenib and salinomycin enhances ferroptosis and immune (315)
response in hepatocellular carcinoma, improving therapeutic efficacy by targeting HCC cells through MCT-1-
mediated delivery.

JNK1-FOXQI-ETHE1L The JNK1-FOXQI-ETHEI axis suppresses sorafenib-induced ferroptosis in hepatocellular carcinoma by (316)
reducing lipid peroxidation and iron levels, contributing to sorafenib resistance.

TR1 CHIP acts as an oncogene in hepatocellular carcinoma by promoting cell proliferation and inhibiting (317)
ferroptosis through the degradation of transferrin receptor 1 (TfR1).

- The pH-responsive nanocarrier HDP co-delivers sorafenib and siNRF2 to overcome NRF2-mediated (318)
ferroptosis resistance, significantly enhancing anti-tumor effects in hepatocellular carcinoma.

ATF3/HMOX1/GPX4 SEHIL promotes hepatocellular carcinoma progression by inhibiting ferroptosis, while its silencing induces (319)
ferroptosis via the ATF3/HMOX1/GPX4 axis, suppressing tumor growth.

- Combining atovaquone with TCR-T cell therapy enhances ferroptosis and anti-tumor immune responses in (320)
hepatocellular carcinoma, improving treatment efficacy.

TBRG4 TBRG4 promotes hepatocellular carcinoma progression by inhibiting ferroptosis through the DDX56/p-AKT/ (321)
GSK3p pathway and binding to Beclinl, while its knockdown reduces tumor cell proliferation, migration,
and invasion.

PVT1 PLAG], regulated by the IncRNA PVT], confers resistance to sorafenib-induced ferroptosis in hepatocellular (322)
carcinoma by upregulating GPX4 and maintaining redox homeostasis.

PD-L1 IFN-y exposure in the tumor microenvironment enhances liver cancer stem cell stemness and sorafenib (323)
resistance by promoting mitochondrial PD-L1-mediated glycolytic reprogramming and ferroptosis inhibition
via the Drp1-GPX4 pathway.

STAT1 SM suppresses hepatocellular carcinoma growth by reducing STAT1-mediated MTCH1 expression, thereby (324)
inducing apoptosis and ferroptosis.

SNRPB SNRPB promotes hepatocellular carcinoma progression by regulating immune checkpoints, cell cycle, oxidative | (325)
stress, and ferroptosis, with its knockdown enhancing sorafenib’s therapeutic effect.

MARCHS 0-GleNAcylation of TFRC regulates ferroptosis in hepatocellular carcinoma by enhancing TERC stability and | (326)
promoting iron accumulation through decreased MARCHS8-mediated ubiquitination.

SNHG1 The SNHG1-miR-199a-FANCD2/G6PD axis inhibits ferroptosis in hepatocellular carcinoma, serving as a (327)
potential marker for prognosis and therapy.

ABHDI12 ABHDI12 promotes tumor growth and sorafenib resistance in liver cancer, with co-delivery of sorafenib and (328)
ABHDI12 inhibitor enhancing therapeutic efficacy.

EZH2 EZH2 suppresses ferroptosis in HCC by downregulating TFR2, and combining EZH2 inhibitor tazemetostat (329)
with sorafenib enhances sorafenib sensitivity and anti-cancer effects.
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TGF-B1 Platelets enhance hepatocellular carcinoma metastasis by promoting epithelial-mesenchymal transition and
cancer cell autophagy through the TGF-B1/AMPK/mTOR pathway.

- Combining autophagy inhibitors with energy restriction mimetic agents enhances their effectiveness against
hepatocellular carcinoma by promoting cancer cell death through apoptosis and cell cycle arrest.

Nrf2 Sarmentosin induces autophagy and apoptosis in hepatocellular carcinoma cells through Nrf2 activation and
mTOR inhibition, effectively suppressing tumor growth in vivo.

AFP B-Sitosterol inhibits hepatocellular carcinoma progression by targeting the complement C5a receptor 1/AFP
axis to activate autophagy and suppress cell proliferation and migration.

AMPK/mTOR Ginsenoside Rk1 inhibits hepatocellular carcinoma progression by activating toxic autophagy and apoptosis via
the AMPK/mTOR pathway, presenting a promising new treatment strategy for HCC.

ATG5 Inducing ferroptosis, facilitated by m6A modification of ATG5 mRNA mediated by WTAP and YTHDC2,
effectively suppresses hepatocellular carcinoma development, highlighting a promising therapeutic approach.

UHRF2 UHRE2 enhances autophagy and oncogenic traits in hepatocellular carcinoma (HCC) by interacting with
PRDX1 and PARPI, suggesting its potential as a biomarker and therapeutic target for HCC.

= Diallyl sulfide (DAS) inhibits the growth of hepatocellular carcinoma cells by disrupting autophagic flux,
specifically by blocking autophagosome-lysosome fusion and increasing lysosomal pH, thus enhancing its
growth-inhibitory effects when combined with an autophagy inhibitor.

NDUFS1 Agrimol B inhibits hepatocellular carcinoma growth by initiating autophagy and blocking autophagosome-
lysosome fusion, driven by caspase 3-mediated degradation of NDUFSI, which leads to mitochondrial reactive
oxygen species accumulation and autophagy arrest, enhancing the efficacy of sorafenib in treating HCC.

LncRNA XXYLT1-AS2 LncRNA XXYLT1-AS2, highly expressed in HCC plasma, promotes tumor growth by inhibiting autophagy and
enhancing proliferation, migration, and invasion of HCC cells, through the degradation of TFEB via the
ubiquitin proteasome pathway.

GPR50 GPRS0, significantly upregulated in hepatocellular carcinoma (HCC) patients and the CBRH-7919 cell line,
promotes HCC progression by enhancing cell proliferation, migration, and autophagy, mediated through
interactions with CCT6A and PGKI, suggesting GPR50 as a potential therapeutic target for HCC.

ATPIAL Dysregulated ATP1A1 signaling, influenced by metabolic stress in MASH-related hepatocellular carcinoma
(HCC), promotes HCC progression through epigenetic modifications like H3K9 acetylation and tri-
methylation, which are linked to decreased autophagy and increased apoptosis when normalized, highlighting
ATPI1AL as a potential therapeutic target.

UBA52 UBA52 promotes hepatocellular carcinoma (HCC) progression by regulating autophagy via EMC6, as
evidenced by its association with increased HCC cell proliferation and migration in vitro and in vivo.
Knockdown of UBA52, which induces autophagy and reduces tumor growth and metastasis, suggests its
potential as a therapeutic target for HCC.

NPCL An eight-gene signature, including NPC1 which is associated with increased immune checkpoint inhibitor
sensitivity, promotes hepatocellular carcinoma progression by activating autophagy and enhancing tumor cell
proliferation, migration, and invasion.

AMPK/mTOR Nicotinamide mononucleotide (NMN) inhibits hepatocellular carcinoma progression by increasing NAD+
levels, enhancing apoptosis, autophagy, and ferroptosis, and activating the AMPK/mTOR pathway, suggesting
its potential as a therapeutic agent for HCC.

NROB1 NROBI is a poor prognostic factor in hepatocellular carcinoma (HCC) that enhances sorafenib resistance by
activating autophagy and inhibiting apoptosis, suggesting it as a detrimental influence on HCC
treatment outcomes.

MSDF 9-methanesulfonylmethylene-2,3-dimethoxy-9H-fluorene (MSDF), a novel fluorene derivative, exhibits potent
anticancer effects in hepatocellular carcinoma (HCC) by promoting reactive oxygen species (ROS) generation,
triggering both extrinsic and intrinsic apoptosis pathways, enhancing autophagy, and reducing the expression
of immune checkpoint proteins, positioning it as a promising multitarget drug for HCC treatment and
potentially enhancing immunotherapy effectiveness.

PI3K/AKT/mTOR/HIF-10. Piezo-CAP, a cold atmospheric plasma technology, effectively suppresses hepatocellular carcinoma by inducing
apoptosis and autophagy through targeting redox balance, glycolysis, and the PI3K/AKT/mTOR/HIF-1c.
signaling pathways.

TMX2 TMX2 enhances hepatocellular carcinoma (HCC) cell viability by promoting autophagy and mitophagy, is

upregulated in HCC tissues, associated with poor prognosis, and potentially serves as a therapeutic target.

CDK5 CDKS5 deficiency in hepatocellular carcinoma (HCC) cells upregulates PD-L1 through decreased
phosphorylation and reduced chaperone-mediated autophagy, enhancing response to anti-PD-1
immunotherapy and improving survival in HCC-bearing mice.

GDF11 GDF11 acts as a tumor suppressor in hepatocellular carcinoma (HCC) by inhibiting cell proliferation,
migration, and angiogenesis, while promoting apoptosis and autophagy via inactivation of the mTORCI
signaling pathway.

- Icaritin suppresses hepatocellular carcinoma growth by inducing mitophagy and apoptosis, with inhibition of
mitophagy enhancing its anticancer efficacy, suggesting a novel strategy for improving HCC
treatment outcomes.

mTOR/STAT3 Trillin inhibits autophagy and promotes apoptosis in hepatocellular carcinoma cells through activation of the
mTOR/STATS3 signaling pathway, suggesting its potential as a therapeutic agent for HCC.

SLC5A7 and p53 Choline suppresses hepatocellular carcinoma progression by inhibiting autophagy via upregulation of SLC5A7
and p53, and enhances the efficacy of sorafenib in treating HCC.

IL7 and MAL2 IL7 and MAL2 promote Sorafenib resistance in hepatocellular carcinoma by enhancing JAK/STAT and PI3K/
AKT signaling, while autophagy-inducing stapled peptides counteract this resistance by degrading resistance-
related proteins and synergizing with Sorafenib.

PI3K/Akt Physalin A promotes apoptosis and autophagy in hepatocellular carcinoma cells by inhibiting the PI3K/Akt
signaling pathway, effectively reducing tumor growth in vivo.

SIRT1 SIRT1 plays a critical role in promoting autophagy and modulating NF-«B signaling in both sorafenib-resistant
and parental hepatocellular carcinoma cells, highlighting its potential as a therapeutic target in HCC treatment.

SRXN1 SRXN1 enhances hepatocellular carcinoma progression by modulating lysosome biogenesis and autophagic
flux, with its inhibition showing synergistic antitumor effects with sorafenib by increasing ROS levels,
positioning it as a potential therapeutic target for HCC.

CIP2A/p-AKT/c-Myc JXE-23, a pimarane-type diterpene, exhibits potent anti-cancer effects in HepG2 liver cancer cells by inducing
G2/M cell cycle arrest and protective autophagy, and modulating the CIP2A/p-AKT/c-Myc signaling pathway,
suggesting its potential as a lead compound in anti-cancer drug development.

AMPK/AKT/mTOR The baculovirus-mediated endostatin and angiostatin fusion protein (BDS-hEA) inhibits hepatocellular
carcinoma growth and angiogenesis by inducing autophagy through the AMPK/AKT/mTOR signaling
pathway, enhancing its therapeutic efficacy.

- Amplifying autophagy in residual tumor cells using targeted nanoparticles enhances immunogenic cell death
and anti-tumor immunity, presenting a novel strategy to combat tumor recurrence and resistance to anti-PD-
1/PDLI therapy post-incomplete radiofrequency ablation.

- A bioactive fraction from pine needle extract containing pinocembrin, chrysin, and tiliroside significantly
enhances apoptosis and reduces autophagy in hepatocellular carcinoma cells, suggesting its potential as an
effective complementary anticancer therapy.

AGC1 AGCI plays a crucial role in reprogramming glutamine metabolism and maintaining energy supply in
hepatocellular carcinoma cells, making it a potential target to enhance the efficacy of therapies aimed at
inhibiting glutamine dependency in HCC.

Clpp ONC206 inhibits hepatocellular carcinoma growth by inducing apoptosis and cytoprotective autophagy
mediated by ClpP-induced mitochondrial dysfunction, with enhanced effects upon autophagy blockade.

STIM1 STIMI promotes autophagy and epithelial-mesenchymal transition in hepatocellular carcinoma by interacting
with LC3B through its SAM domain, offering a potential target to inhibit HCC metastasis.
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