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Background and aim

Cholangiocarcinoma (CCA) is a rare cancer, yet its incidence and mortality rates have been steadily increasing globally over the past few decades. Currently, there are no effective targeted treatment strategies available for patients. ACLY (ATP Citrate Lyase), a key enzyme in de novo lipogenesis, is aberrantly expressed in several tumors and is associated with malignant progression. However, its role and mechanisms in CCA have not yet been elucidated.





Methods

The expression of ACLY in CCA was assessed using transcriptomic profiles and tissue microarrays. Kaplan-Meier curves were employed to evaluate the prognostic significance of ACLY in CCA. Functional enrichment analysis was used to explore the potential mechanisms of ACLY in CCA. A series of assays were conducted to examine the effects of ACLY on the proliferation and migration of CCA cells. Ferroptosis inducers and inhibitors, along with lipid peroxide probes and MDA assay kits, were utilized to explore the role of ACLY in ferroptosis within CCA. Additionally, lipid-depleted fetal bovine serum and several fatty acids were used to evaluate the impact of fatty acids on ferroptosis induced by ACLY inhibition. Correlation analyses were performed to elucidate the relationship between ACLY and tumor stemness as well as tumor microenvironment.





Results

The expression of ACLY was found to be higher in CCA tissues compared to adjacent normal tissues. Patients with elevated ACLY expression demonstrated poorer overall survival outcomes. ACLY were closed associated with fatty acid metabolism and tumor-initiating cells. Knockdown of ACLY did not significantly impact the proliferation and migration of CCA cells. However, ACLY inhibition led to increased accumulation of lipid peroxides and enhanced sensitivity of CCA cells to ferroptosis inducers. Polyunsaturated fatty acids were observed to inhibit the proliferation of ACLY-knockdown cells; nonetheless, this inhibitory effect was diminished when the cells were cultured in medium supplemented with lipid-depleted fetal bovine serum. Additionally, ACLY expression was negatively correlated with immune cell infiltration and immune scores in CCA.





Conclusion

ACLY promotes ferroptosis by disrupting the balance of saturated and unsaturated fatty acids. ACLY may therefore serve as a potential diagnostic and therapeutic target for CCA.
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1 Introduction

CCA is a malignant tumor originating from biliary epithelial cells. It can be categorized into intrahepatic cholangiocarcinoma, perihilar cholangiocarcinoma and extrahepatic cholangiocarcinoma according to anatomical location in the bile duct tree (1, 2). CCA is a rare but high aggressive cancer. The 5-year relative survival rates range from 2% to 15% for intrahepatic cholangiocarcinoma (ICC) and 2%-30% for extrahepatic cholangiocarcinoma (ECC) (3). Surgical resection may be a viable option for early-stage CCA. Unfortunately, most CCA patients are diagnosed at advanced stages, for which severely limited therapeutic options are available (4, 5).Therefore, there is a great clinical need to identify new prognostic biomarkers and therapeutic targets for CCA.

Metabolic reprograming is a hallmark of cancer. Enhanced lipid synthesis is among the most prominent metabolic characteristics of cancer (6). Most normal cells and tissues preferentially utilize circulating lipids, whereas cancer cells predominantly rely on the de novo fatty acid synthesis pathway to enhance membrane lipid saturation and helps cancer cells to survive both carcinogenic and therapeutic challenges (7, 8).ACLY is a pivotal enzyme at the crossroads of glucose and lipid metabolism. Cytosolic citrate is broken down by ACLY to oxaloacetate and acetyl-CoA (9). Acetyl-CoA is required for lipogenesis and cholesterogenesis. Besides, acetyl-CoA is involved in the acetylation of proteins (10, 11). Thus, ACLY is a key enzyme in cancer metabolism. Previous studies have proved that the expressions of ACLY were increased in gastric cancer, ovarian cancer, prostate cancer, lung cancer, etc., and correlated with increased tumor aggressiveness and poor patient prognosis (12–14). We had also recently demonstrated that ACLY overexpression or activation drive hepatocellular carcinoma stemness and metastasis (15). In addition, it was reported that ACLY play crucial role in breast cancer stemness and metastasis (16). So, it was believed that ACLY promote tumor progression by enhancing various cancer-associated processes, including stemness, metastasis, and metabolic reprogramming.

Ferroptosis, an iron-dependent form of programmed cell death, is characterized by an overproduction of lipid peroxidation and the accumulation of reactive oxygen species (ROS) (17). Recently, ferroptosis has garnered significant attention as a promising target in anticancer therapies. The process of fatty acid metabolism is closely tied to ferroptosis. An increase in PUFA levels or a disruption in their regulatory mechanisms can lead to their peroxidation, thereby inducing ferroptosis. On the other hand, monounsaturated fatty acids (MUFAs), due to their stability, can mitigate lipid peroxidation by replacing PUFAs (18, 19). As such, in the context of cancer treatment, strategies that enhance PUFA levels, activate the PUFA regulatory system, or reduce MUFA synthesis could potentiate ferroptosis, thus improving therapeutic efficacy. De novo lipogenesis (DNL), the process by which excess carbohydrates and proteins are converted into saturated and monounsaturated fatty acids (SFAs and MUFAs), is preferentially utilized by tumor cells to mitigate the risk associated with excessive intake of unsaturated fatty acids (20). ATP citrate lyase (ACLY), a cytosolic enzyme, plays a crucial role in DNL by converting citrate and coenzyme A (CoA) into acetyl-CoA, which serves as a precursor for lipid synthesis (21). Given this context, we propose that inhibiting ACLY might enhance ferroptosis in cholangiocarcinoma (CCA) cells, offering a potential avenue for therapeutic intervention.

In the current study, we systematically investigated the expression, prognostic value, immune infiltration, co-expressed gene network and function analysis in CCA. We discovered that the expressions of ACLY was upregulated in CCA compared with adjacent tissue and correlated with poor patient prognosis. ACLY inhibition facilitated ferroptosis by increasing polyunsaturated fatty acids (PUFAs) uptake. In addition, our analyses revealed that ACLY expression levels are negatively correlated with cancer stemness, immune infiltration, and the efficacy of immunotherapy in CCA. Therefore, ACLY could serve as a new potential therapeutic and prognostic biomarker for CCA.




2 Methods and materials



2.1 Patients and specimens

Tissue microarrays composed of tumor samples and normal tissue were obtained from 87 patients who pathologically diagnosed as CCA in the Eastern Hepatobiliary Surgery Hospital (Shanghai, China) from February 2018 to December 2019. The use of patient information and tissues were approved by the Ethics Committee of the Second Military Medical University. Informed consent was obtained from patients prior to surgical resection.




2.2 Data collection and preprocessing

Transcriptional and proteomic expression data, along with corresponding clinical characteristics of cholangiocarcinoma (CCA) patients, were sourced from several databases. Fan-CCA dataset was downloaded from biosino NODE database (NODE database: OEP001105, https://www.biosino.org/node/project/detail/OEP001105) (22). Four gene expression profiles were obtained from GEO database (https://www.ncbi.nlm.nih.gov/geo/): GSE107493 (including 30 CCA samples and 27 adjacent nontumor samples), GSE3225 (including 149 CCA samples and 6 adjacent nontumor samples), GSE89749 and GSE244807. E-MTAB-6389 dataset was downloaded from EMBL-EBI database (https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-6389). For pan-cancer analysis, normalized RNA-seq data for 33 tumor types were obtained from The Cancer Genome Atlas (TCGA).




2.3 Single‐gene differential analysis and functional enrichment analysis of ACLY in CCA

The “limma” R package was used to screen differential expression genes. Genes with p <0.05 and absolute log2fold change >=0.8 were considered as differentially expressed. These differentially expressed genes were entered into the STRING database, and protein–protein interaction (PPI) of differentially expressed genes was determined using Cytoscape software network analysis. Then, the hub genes were identified using the MCODE plugin. Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were used to discover the functional roles of differentially expressed genes. A gene set was considered enriched if the statistical significance of its enrichment score, as indicated by the false discovery rate (FDR), was less than 0.05. All enrichment analysis were performed by R clusterProfiler (v3.14.3) package. The stemness index was calculated using the single-sample gene set enrichment analysis (ssgsea) algorithm.




2.4 Immunoinfiltration analysis of ACLY

The enrichment score of immune cell infiltration was calculated by ‘XCELL’. Correlation analysis of ACLY with immune cell was carried out by R packages ‘corrplot’. ESTIMATE algorithms were used to generate immune score, stromal score and ESTIMATE score.




2.5 Immunohistochemistry staining evaluation

The tissue microarray chips were incubated at 60°C for 1h, then dewaxed in xylene and hydrated in gradient alcohol. Block endogenous peroxidase activity by incubating sections in 3% H2O2 solution in methanol. Antigen retrieval was performed by heating slide in citrate buffer. Block buffer was used to block nonspecific antigens. Tissue sections were incubated with polyclonal rabbit anti-ACLY (dilution 1:300, abcam, ab235926) overnight at 4°C. The slide was incubated with an HRP-labeled goat anti-rabbit secondary antibody 30min at 37°C. Then, the samples were stained with diaminobenzidine (MXB, MAX-001), counterstained with hematoxylin, and dehydrated with gradient alcohol. Immunohistochemistry (IHC) staining scores were calculated based on both staining intensity and staining extent.




2.6 Cell culture and transfection

The CCA cell lines HUCCT1 and RBE were obtained from Shanghai Cell Bank of the Chinese Academy of Sciences, China. These cell lines were cultured in RPMI 1640 medium supplemented with 10% Fetal Bovine Serum (FBS), penicillin (100 IU/ml) (Gibco), and streptomycin (100 μg/ml) (Gibco). The lentivirus-mediated shRNA expressing vector targeting human ACLY (target sequence: 5′-CCACAGCTAGAACTTATCAAA-3′) were purchased from Shanghai Genechem. For lentivirus infection, viral solutions were added to cell culture medium containing polybrene (4 μg/ml); 48 hours after infection, cells were selected using puromycin (2 μg/ml) and tested for ACLY expression by quantitative reverse transcription PCR (qRT-PCR) or immunoblotting.




2.7 Cell viability assay

For cell proliferation assay, RBE and HUCCT1 cells were seed into 96-well plate (1×103 cell per well). At indicated time points, fresh medium with 10% CCK8 solution (A311-01, Vazyme) was added to each well and absorbance were measured at 450nm after 1 hours. The cell cytotoxicity assay, 3-4×103 cells per well were plated in 96 well plate, the cell was treated with different dose of compounds and cultured for 48h. Absorbance at 450nm was measured 1 hour after 10% CCK-8 incubation. Each assay was repeated at least three times.




2.8 ROS, MDA and lipid peroxidation assay

Cells were plated in 6-well plated and allow to attach overnight. Cells were detached into single cell suspension. Next, highly sensitive DCFH-DA (DOJINDO, Japan) or BODIPY 581/591 C11 working solutions (DOJINDO, Japan) were added to cell and incubated at 37°C for 30 min. After washing with Hanks’ Balanced Salt Solution (HBSS), cells were suspended in 200 μl PBS and fluorescence intensity were detected by flow cytometry (BD, USA); Data were analyzed by the Flow Jo V10 software. For the measurement of intracellular Malondialdehyde (MDA) levels, MDA concentration was measured using an assay kit (M496, DOJINDO, Japan) according to the manufacturer’s instructions.




2.9 Statistical analysis

Statistical analyses were performed with GraphPad Prism 6.0 software. The log-rank test was used to compare the risk of death between the two groups. The Kolmogorov–Smirnov test was used to test for normal distribution of the data. If the samples were normally distributed, we used unpaired or paired two-tailed Student’s t-tests to determine the statistical difference between two groups. Statistical significance was given by *P < 0.05, **P < 0.01 and ***P < 0.001; N.S., not significant.





3 Results



3.1 Elevated expression of ACLY in CCA and other cancers

We examined the expression of ACLY in normal and tumor tissues across a range of cancers. The results revealed that ACLY expression was broadly elevated in several cancers, including CCA, hepatocellular carcinoma, esophageal carcinoma, and head and neck squamous cell carcinoma (Figure 1A). Among these, the difference was most significant in CCA. We further validated the elevated expression of ACLY in CCA tissues using multiple datasets, including TCGA-CHOL, GSE3225, GSE26556, GSE107943, and GSE76297 (Figures 1B-F). Immunohistochemistry staining demonstrated that ACLY protein levels were higher in CCA tissues compared to adjacent normal tissues (Figures 1G, H). Collectively, these data indicate that ACLY expression is significantly upregulated in CCA.




Figure 1 | The expression of ACLY was upregulated in CCA and other cancers. (A) The expression of ACLY between normal and tumor tissue in pan-cancer. (B-F) The mRNA expression of ACLY in CCA tissues compared with their paired adjacent non-tumor tissues in TCGA-CHOL, GSE3225, GSE26556, GSE107943 and GSE76297 datasets. (G, H) Immunohistochemistry detection of ACLY protein levels in CCA tissues and the adjacent non-tumor tissues in tissue microarrays (TMAs), represent staining (G) and the statistical analysis (H). **P < 0.01 and ***P < 0.001; N.S., not significant.






3.2 Prognosis value of ACLY in cholangiocarcinoma

To investigate the correlation between ACLY expression and prognosis in CCA, patients in the fan-CCA and E-MTAB-6389 datasets were divided into low and high ACLY expression groups based on ACLY mRNA or protein levels. Kaplan-Meier analysis revealed that patients with high ACLY expression exhibited poorer overall survival (OS) in both datasets (Figures 2A–C). In multivariate Cox regression analysis, high ACLY expression was associated with shorter OS (adjusted HR 1.50, 95% CI: 1.110–3.848; P = 0.024) after adjusting for clinical factors such as sex, age, intrahepatic metastasis, HBV infection, vascular invasion, TNM stage, adjuvant treatment, and distant metastasis (Figure 2D). Subgroup analyses further indicated that the high ACLY expression group had worse overall survival among patients who were older (P=0.0019; Supplementary Figures S1A, B), HBV positive (P=0.0191; Supplementary Figures S1C, D), had vascular invasion (P=0.0117; Supplementary Figures S2E, F), or received adjuvant treatment (P=0.0190; Supplementary Figures S2G, H). Multivariate Cox regression was used to construct clinical prediction model, and results showed that ACLY expression (HR 1.88, 95% CI 1.04-3.40; P=0.04), Vascular invasion (HR 2.37, 95%CI 1.30-4.32; P=0.00) and regional lymph node metastasis (HR 3.36, 95% CI: 1.86-6.09; P=0.00) were independent risk factors (Figure 2D). Based on the clinical prediction model, patients were stratified into low risk and high-risk group, Kaplan–Meier analysis showed that patients with high-risk sore had poorer overall survival (OS) (Figure 2E). The AUC values for 1-,2-, and 3-year overall survival were 0.76, 0.78, and 0.72 (Figure 2F). A nomogram based on the selected prognostic factors was developed for the prediction of CCA patient OS at 1, 2 and 3 years (Figure 2G). The nomogram demonstrated that reginal lymph node metastasis contributed the most to prognosis, followed by Vascular invasion and ACLY expression.




Figure 2 | Increased ACLY expression associated with poor overall survival in patients with CCA. (A-C) Kaplan-Meier survival analysis of ACLY expression and Overall Survival (OS) in CCA patients from E-MTAB-6398 (A) and fan-CCA cohort (B, C). ACLY low expression (red curve), ACLY high expression (blue cure). (D) Forest plot showing results of multivariate Cox regression model for exploring potential risk factors for overall survival. (E) Based on the multivariate Cox regression model, patients were stratified into low risk and high risk group, Kaplan–Meier method was used to evaluate the difference in the survival status of both risk groups. (F) The receiver operating characteristic (ROC) curve was used to evaluate the predictive capacity of the model. (G) A nomogram is used to predict survival probability of CCA patients.






3.3 Functional enrichment analysis of ACLY in cholangiocarcinoma

Single gene differential expression analysis of ACLY was performed using the fan-CCA dataset, and the results are presented in Supplementary Figure S2A. A total of 208 genes met the threshold criteria of |log2(FC)| > 0.8 and p value < 0.05. Among these, 58 genes were upregulated, and 151 genes were downregulated. We then constructed a protein-protein interaction (PPI) network using these 208 differentially expressed genes, as shown in Supplementary Figure S2B. In the interaction network graph, genes closer to the center exhibited more connections with other genes. Using the MCODE plugin, we identified 15 hub genes: APOH, APOC3, APOB, APOA2, APOA1, AMBP, ALB, AHSG, TTR, SERPINC1, HRG, HPX, FGG, FGA, and F2. The PPI network of these hub genes is illustrated in Supplementary Figure S2C. Additionally, a gene co-expression heatmap with ACLY was generated and is shown in Supplementary Figure S2D. Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Gene Set Enrichment Analysis (GSEA) were conducted using the results of single-gene differential expression analysis. The biological processes primarily included complement activation, long-chain fatty acid metabolism, the ERBB2 signaling pathway, and others (Figure 3A). The cellular components mainly included blood microparticles, protein-lipid complexes, histone deacetylase complexes, and others (Figure 3B). The molecular functions mainly included monooxygenase activity, iron ion binding, antioxidant activity, and p53 binding, among others (Figure 3C). Figure 3D displays the results of KEGG analysis, which indicated that ACLY was negatively correlated with the biosynthesis of unsaturated fatty acids, the PPAR signaling pathway, and the citrate cycle (TCA cycle), while being positively correlated with the p53 signaling pathway, the cell cycle pathway, and focal adhesion. Gene Set Enrichment Analysis (GSEA) of hallmark gene sets was conducted to Utilizing Gene Set Enrichment Analysis (GSEA), we delineated the functional enrichment of genes in cohorts with high and low ACLY expression. High ACLY expression was associated with epithelial-mesenchymal transition, early estrogen response, angiogenesis, and myogenesis, while low ACLY expression was associated with mTORC1 signaling, interferon-gamma response, MYC targets, G2M checkpoint, and E2F targets (Figures 3E, F). Stemness analysis indicated that ACLY exhibited a strong positive correlation with the GeneCard signature, and a high GeneCard stemness score was associated with poor prognosis (Figures 3G, H). We also observed similar findings in other CCA cohorts (Supplementary Figure S2E-H). ACLY exhibited a positive correlation with most stemness signatures, and certain stemness signature scores were associated with overall survival. These findings underscore the close relationship between ACLY and cellular metabolism, as well as malignant cellular behavior.




Figure 3 | Functional enrichment analysis of ACLY in cholangiocarcinoma. (A-D) Results of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Analysis of Differentially Expressed Genes in Single Gene Differential Analysis. A Positive Normalized Enrichment Score (NES) Indicates a Positive Correlation Between ACLY Expression and the Terms, whereas a Negative NES Indicates a Negative Correlation. (E, F) Gene Set Enrichment Analysis (GSEA) of differentially expressed genes identified in single-gene differential analysis, focusing on hallmark pathways. A Positive Normalized Enrichment Score (NES) Indicates a Positive Correlation Between ACLY Expression and the pathway, whereas a Negative NES Indicates a Negative Correlation. (G) Results of the correlation between the expression of ACLY and stemness scores. (H) Forest plot showing correlation of different stemness signatures with overall survival.






3.4 ACLY inhibition enhances the sensitivity of cholangiocarcinoma cells to PUFAs

Based on clinical evidence and functional analysis, we concluded that ACLY plays a potential role in CCA tumor progression. Western blot analysis examined the expression of ACLY in four CCA cell lines (Supplementary Figure S3A), and we selected RBE, HUCCT1, and TFK1 for shRNA-mediated knockdown experiments due to their higher expression levels. The efficacy of ACLY knockdown was validated by qPCR and Western blot (Figures 4A-C). Cell viability was measured using CCK8 and colony formation assays. The results showed that knockdown of ACLY did not influence the proliferation of RBE and HUCCT1 cells but suppressed the proliferation of TFK1 cells (Figures 4D-I). Additionally, ACLY knockdown had no impact on the migration ability of RBE and HUCCT1 cells but decreased the migration of TFK1 cells (Supplementary Figures S3B-D). As ACLY is regarded as the first rate-limiting enzyme involved in de novo lipogenesis, we observed the effect of different fatty acids on cell viability. Results indicated that while palmitic acid (PA) and oleic acid (OA) exposure did not significantly inhibit cell growth, polyunsaturated fatty acids (PUFAs) inhibited the growth of ACLY-knockdown cells (Figures 4J-L). Therefore, we suggested that ACLY inhibition enhances the sensitivity of CCA cells to PUFAs.




Figure 4 | ACLY inhibition enhances the sensitive of cholangiocarcinoma cell to PUFAs. (A-C) Western blot and quantitative real-time PCR validate the efficacy of ACLY knockdown in CCA cells. (D-I) The effect of ACLY knockdown on cell viability and colony formation abilities of CCA cells. (J-L) Impact of fatty acids on cell viability in ACLY control and ACLY knockdown cells. *P < 0.05, **P < 0.01 and ***P < 0.001; N.S., not significant.






3.5 Inhibition of ACLY promotes ferroptosis in CCA cells

Accumulating evidence implicates that PUFAs play a crucial role in ferroptosis. We aimed to determine whether ACLY affects ferroptosis in CCA cells. Cell viability assays showed that knockdown of ACLY increased the susceptibility of CCA cells to ferroptosis induced by RSL3 (Figures 5A-C). Additionally, we found that an ACLY inhibitor enhanced the susceptibility of CCA cells to RSL3 (Supplementary Figures S4D-F). To further confirm the mode of cell death promoted by the knockdown of ACLY in CCA cells under RSL3 treatment, we treated cells with the ferroptosis inhibitor ferrostatin-1 (Ferr-1). Results showed that Ferr-1 reversed ACLY-KD-induced cell death (Figures 5D-F). We next investigated intracellular levels of ROS and lipid peroxidation, which are two markers associated with ferroptosis. C11-BODIPY 581/591 staining and a malondialdehyde kit were employed to assess lipid peroxidation levels in both control and ACLY-KD cells, and a significant increase was observed in intracellular lipid peroxidation levels in ACLY-KD cells (Figures 5G, H, K, L). H2DCFDA staining was used to evaluate intracellular ROS levels, and the results indicated that ACLY-KD cells exhibited higher ROS levels in TFK1 cells (Figures 5I, J). To investigate the influence of exogenous fatty acids on RSL3-induced ferroptosis in ACLY-knockdown CCA cells, we cultured the cells in media supplemented with either lipid-enriched FBS or delipidated FBS. Results indicated that ACLY-knockdown cells did not exhibit increased sensitivity to the ferroptosis inducer in the medium supplemented with delipidated FBS (Figures 5M, N). In addition, we also found that ACLY knockdown resulted in elevated expression of the fatty acid transporter CD36, also known as fatty acid translocase, in HUCCT1 and TFK1 CCA cells (Supplementary Figures S4G, H). Taken together, these findings indicate that ACLY plays a crucial role as a regulator of ferroptosis in CCA, and that inhibition of ACLY promotes ferroptosis in CCA cells.




Figure 5 | Inhibition of ACLY promotes ferroptosis in CCA cells. (A-C) CCK-8 assay of cell viability in control and ACLY-KD CCA cells after treatment with different concentrations of RSL3 for 24 h. (D-F) Morphological analysis of control and ACLY-KD CCA cells after treatment RSL3 for 24 h. (D-F) CCK-8 assay of cell viability in control and ACLY-KD CCA cells after treatment with RSL3(TFK1 3μM, HUCCT1 1μM and RBE 500nM) + Ferrostatin-1(1μM). (G, H) Lipid peroxidation levels in control and ACLY-KD cells were detected using C11-BODIPY staining in CCA cells. (I, J) Reactive oxygen species (ROS) levels in control and ACLY-KD cells were detected using Highly Sensitive DCFH-DA staining in CCA cells. (K, L) Quantification of malondialdehyde (MDA) contents by ELISA in control and ACLY-KD cells. (M, N) CCK-8 assay of cell viability in control and ACLY-KD CCA cells after treatment with RSL3 and either lipid-rich or delipidated fetal bovine serum (FBS). *P < 0.05, **P < 0.01 and ***P < 0.001; N.S., not significant.






3.6 ACLY is associated with immune cell infiltration

The role of ferroptosis in cancer immunity and immunotherapy has been a topic of substantial interest for years. To study the effect of ACLY expression on the tumor microenvironment, immune infiltration analysis was performed using the XCELL algorithm. The CCA cohort was divided into high and low expression groups based on ACLY expression levels to assess differences in immune cell infiltration between these groups. The result indicated that the levels of infiltration of central memory CD4+ T cells, natural killer T cells, and Th1 cells were significantly higher in the high ACLY expression group compared with the low expression group. Conversely, in hematopoietic stem cells, myeloid dendritic cells, endothelial cells, naïve CD8+ T cells, central memory CD8+ T cells, M1 macrophages, and cancer-associated fibroblasts, the level of infiltration was significantly higher in the low ACLY expression group compared with the high expression group (Figure 6A). Correlation analysis revealed that the expression of ACLY was positively correlated with central memory CD4+ T cells, natural killer T cells, and Th1 cells. In contrast, the expression of ACLY was negatively correlated with hematopoietic stem cells, myeloid dendritic cells, endothelial cells, naïve CD8+ T cells, central memory CD8+ T cells, M1 macrophages, and cancer-associated fibroblasts (Figure 6B). We also observed similar findings in other CCA cohort (Supplementary Figures S5A, B). In additional, the ESTIMATE algorithm indicated that CCA with higher ACLY expression had lower stromal scores and ESTIMATE scores (Figure 6D). Supporting this, the XCELL algorithm showed that the immune score, microenvironment score, and stromal score in the low expression group were significantly higher than those in the high expression group (Figure 6C). In another CCA cohorts, both of ESTIMATE algorithm and XCELL algorithm indicated that CCA with higher ACLY expression had lower immune score (Supplementary Figures S5C, D). Additionally, the results revealed that patients with higher ACLY expression had a lower Immune cell Proportion Score (IPS), suggesting that elevated ACLY expression is associated with a reduced benefit from immunotherapy (Figure 6E, Supplementary Figure S5E). In summary, these findings suggest that inhibition of ACLY could increase immune infiltration in CCA, highlighting its potential role in modulating the tumor microenvironment.




Figure 6 | ACLY is associated with immune cell infiltration. (A) Grouped comparison of the infiltration levels of immune cells in the low and high expression groups of ACLY. (B) Results of the correlation between the expression of ACLY and immune cells. (C) Grouped comparison of the stromal score, immune score and microenviroment score, enriched with XCELL algorithm, in the low and high expression groups of ACLY. (D) Grouped comparison of the stromal score, immune score and ESTIMATE score, enriched with ESTIMATE algorithm, in the low and high expression groups of ACLY. (E) Grouped comparison of IPS (Immune cell Proportion Score) in the low and high expression groups of ACLY.  *P < 0.05, **P < 0.01 and ***P < 0.001; N.S., not significant.







4 Discussion

Liver cancer is the fourth leading cause of cancer-related mortality worldwide (1, 23). Hepatocellular carcinoma (HCC) and cholangiocarcinoma (CCA) account for approximately 85% and 10% of all primary liver cancers, respectively (1, 23). Despite the extensive use of standard systemic therapies for advanced liver cancer, therapeutic resistance and disease progression remain prevalent (24). Precision medicine, a leading area in cancer research, has demonstrated significant success across various cancer types, although its application to liver cancer has been relatively limited (25). To advance personalized treatment strategies, researchers are investigating the molecular and microenvironmental features of liver cancer through various methodologies, including genomics, transcriptomics, proteomics, and spatial omics (22, 26, 27). Concurrently, targeted therapies and immunotherapies are being explored, though these approaches are still in their early stages (28). Given the current state of research, there is an urgent need to identify and validate novel molecular targets for liver cancer treatment. One such target is ATP citrate lyase (ACLY), a key enzyme in de novo lipogenesis (9). Aberrant expression of ACLY has been demonstrated in several tumors and is correlated with malignant tumor progression (2, 12, 15). In this study, we observed that ACLY expression in CCA tissues was significantly elevated compared to adjacent non-tumor tissues. Furthermore, higher ACLY expression was significantly associated with poorer prognosis. Subgroup analysis further revealed that elevated ACLY expression correlated with poor overall survival in CCA patients, particularly those with elder age, HBV infection, vascular invasion, and those undergoing adjuvant treatment. These findings suggest that patients with these characteristics might benefit the most from ACLY-targeted therapy. In summary, we thought that ACLY was a promising therapy target.

To elucidate the potential mechanisms of ACLY regulation, we constructed a protein-protein interaction (PPI) network using differentially expressed genes between the ACLY low and high expression groups. This analysis identified several hub genes, including APOH, APOB, APOA1, and APOA2, which play significant roles in cancer progression. Apolipoproteins have been reported to be crucial in the progression of various cancers and hold promise for diagnostic and prognostic applications (29). For example, APOH is notably downregulated in hepatocellular carcinoma, suggesting its potential as a tumor biomarker (30). Similarly, reduced plasma levels of APOA1 are associated with metastasis and poor prognosis across several cancers, such as ovarian, colorectal, and esophageal cancers. Both in vitro and in vivo studies have demonstrated that APOA1 can inhibit tumor initiation and progression (31–34). Additionally, mutations leading to APOB inactivation are correlated with the overexpression of oncogenic regulators and the downregulation of tumor suppressors, resulting in poorer survival outcomes in hepatocellular carcinoma (35). These findings indicate that apolipoproteins are involved in the malignant progression of CCA and are regulated by ACLY. To further explore this, we conducted Gene Ontology (GO) and KEGG pathway analyses. Our results revealed that upregulated differentially expressed genes (DEGs) are enriched in pathways related to the cell cycle, focal adhesion, p53 signaling, and mTOR signaling. In contrast, downregulated DEGs were associated with fatty acid metabolism, amino acid metabolism, and other related pathways. Gene Set Enrichment Analysis (GSEA) further showed that high ACLY expression is positively correlated with epithelial-mesenchymal transition and angiogenesis, suggesting that ACLY may influence metastasis-related pathways. Conversely, high ACLY expression was negatively correlated with the G2M checkpoint, MYC targets, and E2F targets, indicating an inverse relationship with cancer proliferation and anti-tumor immunity. These observations align with previous studies and highlight the multifaceted role of ACLY in cancer progression.

The mechanisms by which ACLY induces tumor progression are not fully understood. It was reported that ACLY promoted the epithelial-mesenchymal transition (EMT) and cancer stemness of colorectal cancer and hepatocellular carcinoma cells through the Wnt/β-catenin pathway (15, 36, 37). In this study, we found that high ACLY expression was positively correlated with epithelial-mesenchymal transition. In addition, stemness analysis indicated that ACLY exhibited a strong positive correlation with the GeneCardseveral stemness signature, and certain higher GeneCard stemness score was associated with poor prognosis. These results indicate that tumor-initiating cells play a crucial role in the malignant progression of CCA, and ACLY serves as a key modulator in maintaining CCA stemness. Additionally, ACLY’s nuclear translocation has been shown to enhance proliferation of endometrial cancer cells by regulating pyrimidine metabolism (38). Furthermore, nuclear acetyl-CoA production by ACLY facilitates homologous recombination and induces tumor cell resistance to DNA-damaging drugs (39). In the context of cancer immunotherapy, ACLY inhibition has been reported to overcome immunotherapy resistance through polyunsaturated fatty acid peroxidation and activation of the cGAS-STING pathway (2). As key rate-limiting enzyme in de novo fatty acid synthesis, silencing ACLY can inhibit the proliferation of multiple tumor cells lines, and exogenous supplementation with fatty acids or cholesterol can partially counteract the proliferation inhibition effect (40, 41). Despite these insights, the function and underlying mechanisms of ACLY in CCA have yet to be explored.

In this study, we observed that ACLY inhibition did not impact the proliferation or migration of RBE and HUCCT1 CCA cells, whereas it inhibited these processes in TFK1 cells. This discrepancy may be attributed to the high heterogeneity among cholangiocarcinoma cells, which exhibit varying gene mutation patterns (42, 43). Given ACLY’s role as a key enzyme in de novo fatty acid synthesis, its inhibition results in reduced synthesis of intracellular saturated fatty acids (44). What’s more, function analysis of ACLY-related differentially expressed genes revealed that ACLY was associated with apolipoproteins, unsaturated fatty acid synthesis, and linoleic acid metabolism. In additionally, in our previous study, we found that inhibition of ACLY disrupts the balance between saturated and unsaturated fatty acids within tumor cells (2). Thus, we concluded that ACLY plays a crucial role in maintaining fatty acid homeostasis. Consequently, we assessed cell proliferation when treated with different fatty acids. We found that polyunsaturated fatty acids significantly inhibited the proliferation of ACLY-knockdown tumor cells. Additionally, PUFAs are known to induce ferroptosis, a form of regulated cell death (18). Our findings also demonstrated that ACLY knockdown or pharmacological inhibition promotes ferroptosis in tumor cells, as evidenced by a significant increase in intracellular lipid peroxides and malondialdehyde (MDA) levels. Based on these results, we propose that inhibiting ACLY can enhance ferroptosis in tumor cells, highlighting its potential as a therapeutic target.

Abnormal lipid metabolism is a hallmark of tumor cells, which rely on both de novo fatty acid synthesis and exogenous uptake to meet their lipid requirements. Compared to normal cells, tumor cells preferentially engage in de novo fatty acid synthesis to mitigate the risk associated with excessive intake of unsaturated fatty acids (45, 46). Polyunsaturated fatty acids (PUFAs) are particularly susceptible to lipid peroxidation, which increases tumor cell sensitivity to oxidative stress-induced cell death (47, 48). In our study, we observed that inhibiting ACLY led to suppression of the de novo fatty acid synthesis pathway. Concurrently, ACLY knockdown resulted in elevated expression of the fatty acid transporter CD36, also known as fatty acid translocase. This increase in CD36 expression facilitated enhanced uptake of unsaturated fatty acids by the tumor cells. The accumulated PUFAs then underwent lipid peroxidation under oxidative stress conditions, leading to ferroptosis in the tumor cells. Additionally, when cultured in lipid-depleted medium, ACLY-knockdown cells did not exhibit increased sensitivity to ferroptosis inducers. This finding suggests that the enhanced uptake of unsaturated fatty acids due to ACLY inhibition is crucial for promoting ferroptosis in tumor cells. Therefore, we propose that inhibiting ACLY promotes ferroptosis by increasing the tumor cells’ uptake of PUFAs, which are then subject to lipid peroxidation under oxidative stress.

The role of ferroptosis in cancer immunity and immunotherapy has attracted substantial interest in recent years. Ferroptosis has been shown to be involved in the anti-tumor effects of CD8+ T cells and enhance the efficacy of anti-PD-1/PD-L1 immunotherapy. Combining immunotherapy with ferroptosis-inducing treatments, such as radiotherapy and targeted therapy, produces synergistic effects in tumor control (49–51). In additionally, our previous study demonstrated that ACLY inhibition overcomes immunotherapy resistance through polyunsaturated fatty acid peroxidation and activation of the cGAS-STING pathway (2). In the current study, we observed a negative correlation between ACLY expression and central memory CD8+ T cells, immune score, and IPS score. These findings suggest that ACLY inhibition may enhance the efficacy of immunotherapy in cholangiocarcinoma (CCA). Thus, combining ACLY inhibition with immunotherapy represents a promising therapeutic strategy for CCA. Furthermore, we discovered that pharmacological inhibition of ACLY synergizes with ferroptosis inducers and increases the sensitivity of CCA cells to PUFAs. Notably, bempedoic acid, a specific ACLY inhibitor, has recently been approved by the U.S. Food and Drug Administration (FDA) for lowering low-density lipoprotein cholesterol. We had found that BemA combined with αPD-L1 treatment exhibit strong anti-tumor effect. In conclusion, we propose that patients with high ACLY expression might benefit from pharmacological inhibition of ACLY in combination with immunotherapy, PUFAs, or ferroptosis-inducing treatments.

In recent years, mounting evidence suggests that ACLY is involved in the malignant progression of tumors. However, the function and underlying mechanisms of ACLY in CCA remain largely unexplored and poorly understood. This study is the first to demonstrate that ACLY expression is upregulated in CCA and is inversely correlated with prognosis. In addition, we constructed a clinical prediction model that demonstrates superior predictive capability. Mechanistically, we found that inhibition of ACLY promotes ferroptosis in CCA cells, a phenomenon that has not been previously reported. Additionally, our analyses revealed that ACLY expression levels are negatively correlated with cancer stemness, immune infiltration, and the efficacy of immunotherapy in CCA. Finally, we propose a potential therapeutic strategy that combines ACLY inhibitors with ferroptosis inducers for the treatment of CCA. However, the study primarily focuses on the biological behavior of ACLY inhibition in CCA cells, and the precise mechanisms warrant further investigation.
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Supplementary Figure 1 | Kaplan–Meier survival analysis of ACLY expression and OS in different patient subgroups with distinct clinicopathological factors.

Supplementary Figure 2 | Functional enrichment analysis of ACLY in cholangiocarcinoma. (A) Volcano plot of single gene differential analysis of ACLY. (B) Protein–protein interaction network (PPI) of differentially expressed genes in single gene differential analysis. (C) Protein–protein interaction network map (PPI) of the HUB gene. (D) Single gene co-expression heatmap of the HUB gene and PPP1R14B. (E, G) Results of the correlation between the expression of ACLY and stemness scores in GSE244807 and E-MTAB-6389 cohort. (F, H) Forest plot showing correlation of different stemness signatures with overall survival in GSE244807 and E-MTAB-6389 cohort.

Supplementary Figure 3 | Inhibition of ACLY has no significant effect on the migration capability of cholangiocarcinoma (CCA) cells. (A) The protein expression of ACLY in 4 CHOL cell lines (RBE, HUCCT1, 9810 and TFK1) was measured by Western blot. (B-D) The migratory capability of CCA cells was assessed using a transwell assay.

Supplementary Figure 4 | Inhibition of ACLY promotes ferroptosis in cholangiocarcinoma cells by increasing the uptake of polyunsaturated fatty acids (PUFAs). (A-C) Morphological analysis of control and ACLY-KD CCA cells after treatment RSL3 for 24 h. (D-F) CCK-8 assay of cell viability in control and ACLY-KD CCA cells after treatment with RSL3 (TFK1 2μM, HUCCT1 1μM, RBE 500nM) and SB-204900 (20μM) for 24h. (G, H) Immunoblot analysis of CD36 expression in control and ACLY KD cells.

Supplementary Figure 5 | ACLY is associated with immune cell infiltration. (A) Grouped comparison of immune cell infiltration levels between low and high ACLY expression groups in the GSE89749 cohort. (B) Results of the correlation between the expression of ACLY and immune cells in GSE89749 cohort. (C) Grouped comparison of stromal score, immune score, and microenvironment score, as assessed using the XCELL algorithm, between low and high ACLY expression groups in the GSE89749 cohort. (D) Grouped comparison of stromal score, immune score, and ESTIMATE score, as assessed using the ESTIMATE algorithm, between low and high ACLY expression groups. (E) Grouped comparison of IPS (Immune cell Proportion Score) between the low and high expression groups of ACLY in the GSE89749 cohort.
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