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Non-small cell lung cancer (NSCLC) is the predominant subtype of lung cancers. KRAS mutation is the second most prevalent mutation in NSCLC. KRAS mutant cancer cells suppress the anti-tumor T cell response. However, the underlying mechanism is still unknown. Here, we analyzed the differential expression of acetyl-CoA acyltransferase 1 (ACAA1) in various types of cancers using the TIMER database and validated the results in the NSCLC cell line H1944. We silenced oncogenic KRAS by siRNA targeting KRASG13D, and employed an MAPK signaling pathway inhibitor to clarify the possible regulatory pathway. Moreover, we analyzed the correlation of ACAA1 expression level with B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells. Correlations between expression of ACAA1 and several biomarkers of mutation burden were also tested. Finally, we evaluated the prognostic value of ACAA1 in a wide range of cancers using the Kaplan-Meier Plotter Database. We found lower expression of ACAA1 in tumor tissue than in adjacent normal tissue in various cancers. This result was confirmed using a GEO dataset. Knock-down of mutant KRAS resulted in increased ACAA1 mRNA level in H1944 cells. ACAA1 mRNA level was significantly upregulated in H1944 after treatment with MAPK pathway inhibitor sorafenib, indicating that oncogenic KRAS may downregulate ACAA1 through MAPK signaling. ACAA1 was negatively correlated with biomarkers of tumor mutation burden, including BRCA1, ATM, ATR, CDK1, PMS2, MSH2, and MDH6. Conversely, ACAA1 expression was positively correlated with infiltrating CD4+ cells and with Th1, Th2, Treg cells in the lung tumor microenvironment. Finally, we showed that ACAA1 is a predictive factor for survival in several cancer types. In summary, decreased ACAA1 expression is correlated with poor prognosis and decreases immune infiltration of CD4+ T cells in LUAD and LUSC. ACAA1 also predicts T cell exhaustion in LUSC. The mechanism underlying KRAS/ACAA1 axis-mediated regulation of immune cell infiltration requires further investigation.
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Introduction

Lung cancer is the second leading malignancy for new cases and the first for mortality among all types of malignancies (1). Non-small cell lung cancer (NSCLC), which included lung adenocarcinoma (LUAD) and lung squamous cancer (LUSC), is the predominant subtype of lung cancer. KRAS mutation is the second prevalent mutation in NSCLC (2). Cancer cells with KRAS mutations can avoid being attacked by the immune system, facilitating immune evasion or immunosuppression phenotypes of the tumor. Immunosuppression is a basic requirement for transforming cell survival and cancer development. There are several potential mechanisms by which KRAS mutant cancer cells may suppress the anti-tumor T cell response. Among these, the ability of KRAS mutant cells to convert CD4+ Th cells into functional Tregs is crucial to inhibit T cell activation and promote a tolerogenic microenvironment (3). Another mechanism includes secretion of suppressive cytokines IL10 and TGFβ1 through MAPK signaling pathway (4), leading to T cell dysfunction. However, the precise mechanisms by which oncogenic KRAS induces immunosuppressive tumor microenvironment remain elusive.

By increasing the mutation burden of tumor cells, oncogenic KRAS also induces the production of a large number of neoantigens that may be recognized by CD8+ and CD4+ T cells. Specific anti-tumor T lymphocyte response can be induced after transferring KRAS mutant epitopes to adaptive T cells previously attacked (5). Tumor mutation burden is a prognostic factor for survival in a wide range of cancers (6), as well as a predictive factor for efficacy of PD-1/PD-L1 blockade immunotherapy (7).

MAPK signaling pathway is a key regulator of PD-L1 expression in lung adenocarcinoma (8). Activation of the MAPK pathway increases the expression of PD-L1 at both the mRNA and protein level, while repression of this pathway down-regulates PD-L1. Similar results were also observed in breast cancer. A preclinical study showed that combination of MAPK and PD-1 inhibitors leads to better efficacy in various types of cancers (9). Tumor cell and immune cell interaction is also regulated by MAPK pathway. In fact, MEK inhibition increases CD8+ T cell infiltration within the tumor, while combination of MEK and PD-1 inhibitors synergistically promotes tumor regression (10).

We noted that oncogenic KRAS suppresses the expression of acetyl-CoA acyltransferase 1 (ACAA1) via the MAPK signaling pathway. ACAA1 is an enzyme involved in lipid β-oxidation and provides substrates to the tricarboxylic acid (TCA) cycle, a critical step in cellular metabolism. ACAA1 is also a biomarker in type 2 diabetes (T2D), predicting the pre-diabetic metabolic signature in mouse models (11). Nwosu et al. observed that up-regulated activity of MAPK/RAS/NFκB signaling in liver cancer was associated with poor survival and identified 148 down-regulated metabolic genes regulated by the MAPK signaling pathway. These differential genes, including ACAA1, were enriched in fatty acid β-oxidation. Metabolomic studies also showed a high dependence of the tumor cells on glutamine to promote the TCA cycle (12).

Based on these scientific findings, we were motivated to analyze the potential role of ACAA1 in KRAS-mutant NSCLC and elucidate the correlation of ACAA1 with the immunosuppressive phenotype in the tumor microenvironment.



Materials and Methods


TIMER Database Analysis

TIMER is a comprehensive resource for systematic analysis of immune infiltrates across diverse cancer types (https://cistrome.shinyapps.io/timer/) (13). TIMER applies a deconvolution with a previously published statistical method to infer the abundance of tumor-infiltrating immune cells (TIICs) from gene expression profiles. The TIMER database includes 10,897 samples across 32 cancer types from The Cancer Genome Atlas (TCGA) to estimate the abundance of immune infiltrates. First, we analyzed differential expression of ACAA1 in pan cancer. We aimed to exclude confounding factors, such as ACAA1 expression in tumor stromal cells or immune cells. We excluded the cancer types that had no statistical significance and employed those showing statistical significance for downstream analysis. Second, we analyzed the correlation of ACAA1 expression with the abundance of immune infiltrating cells, including B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells. Third, correlations between ACAA1 expression and markers of different T cell subsets, including Th1 cells (TBX21, STAT4, STAT1, IFN-γ, TNF-α), Th2 cells (GATA3, STAT6, STAT5A, IL13), Th17 cells (STAT3, IL17A), and Treg cells (FOXP3, CCR8, STST5B, TGFB1). T cell exhaustion markers, including PDCD1, CTLA4, LAG3, TIM-3, GZMB, were also analyzed (14). The correlation module generated the expression scatter plots between a pair of user-defined genes in given cancer types, together with the estimated statistical significance. ACAA1 was used for the x-axis with gene symbols; related marker genes are represented on the y-axis as gene symbols. The gene expression level was displayed with log2 RSEM. P value Spearman’s correlation coefficient was calculated automatically by the server.



GEPIA Database Analysis

To verify the relationship between KRAS and ACAA1, we searched the expression correlation in GEPIA (15), an interactive web that includes 9,736 tumors and 8,587 normal samples from TCGA and the GTEx projects, which analyzes RNA expression. Gene expression correlation analysis was performed for given sets of TCGA expression data. We analyzed the expression pattern of ACAA1 and KRAS to identify the co-expression of several biomarkers indicating tumor mutation burden, including BRCA1, ATM, ATR, CDK1, PMS2, MLH1, MSH2, and MDH6. The Spearman method was used to determine the correlation coefficient.



Cell Line and siRNA Transfection

Lung adenocarcinoma cell line H1944 was used to determine the regulation of ACAA1 expression. H1944 cells harbor KRAS mutation G13D. SiRNAs targeting KRASG13D (5’ GGAGGGCUUUCUUUGUGUA 3’, 5’ UCAAAGACAAAGUGUGUAA 3’), were transfected into H1944 cells using Lipofectamine 3000. One day before transfection, 25,000 cells were seeded in 24-well plates. On the day of transfection, 40 nM siRNA was diluted into 25 µl of Opti-mem, while 0.75 µl of lipofectamine was diluted in a final volume of 25 µl of Opti-mem. SiRNA and lipofectamine were mixed and allowed to react at room temperature for 10 min. After replacing complete medium with Opti-mem in each well, the total 50 µl siRNA-lipo complex was added to the wells. Twelve hours after transfection, Opti-mem medium was replaced with complete medium. Forty-eight hours after transfection, the cells were harvested, and total RNA and total proteins were extracted and used for the relevant experiments.



MAPK Pathway Inhibition

To identify upstream regulatory pathways of ACAA1, H1944 cells were treated with the MAPK-ERK pathway inhibitor sorafenib. One day before treatment, 500,000 cells were seeded in 6-well plates. On the day of treatment, 5 µM or 10 µM of pathway inhibitor were added to the wells. The cells were collected at different timepoints (6, 12, 24, and 48 h) after treatment, and total RNA and protein were extracted using Trizol or NP40 cell lysis buffer. Subsequently, the RNA was used for q-PCR analysis.



Kaplan-Meier Plotter Database Analysis

Kaplan-Meier plotter analyzes the correlation of RNA-seq data in over 20 cancer types with overall survival (OS) and progression-free survival (PFS) in 7,489 patients (https://kmplot.com/analysis/index.php?p=service&cancer=pancancer_rnaseq). The database is an online server indicating prognostic biomarkers in pan cancer. We searched the target gene ACAA1 in the server to identify in which types of cancer ACAA1 potentially shows prognostic value. The gene expression level cutoff was defined as 50% of RFKM, above which the expression was defined high, and conversely low. P value was calculated automatically by the server.



Statistical Analysis

Survival curves were generated by the Kaplan-Meier plots displayed with HR and P or Cox P-values from a log-rank test. The correlation of gene expression was evaluated by Spearman’s correlation and statistical significance. P-values <0.05 were considered statistically significant.




Results


Expression of ACAA1 Is Lower in Tumor Tissues Than in Adjacent Normal Tissue in Various Types of Cancer

First, we aimed at elucidating whether ACAA1 had different expression patterns in tumor tissue and paired adjacent normal tissue. We included all cancer types and performed the analysis in the TIMER database (Figure 1A). ACAA1 expression was significantly down-regulated in 15 types of cancers (CHOL, COAD, ESCA, HNSC, KICH, KIRC, KIRP, LIHC, LUAD, LUSC, READ, SKCM, STAD, THCA, UCEC), and up-regulated in only one type of cancer, PRAD. As our research interest is focused on lung cancer, we re-analyzed ACAA1 expression in tumor tissue and adjacent normal tissue using a GEO dataset (GSD 3837) (16). ACAA1 showed lower mRNA levels in tumor tissues than in paired adjacent normal tissues (Figure 1B). Thus, the expression pattern indicated that ACAA1 acts as a tumor suppressor in most types of cancers. (abbreviations: CHOL: Cholangiocarcinoma; COAD: colon adenocarcinoma ESCA: Esophageal Squamous Cell Carcinoma HNSC: Head-neck squamous cell carcinoma KICH: Kidney chromophobe KIRC: Kidney renal clear cell carcinoma KIRP: Kidney renal papillary cell carcinoma LIHC: Liver hepatocellular carcinoma LUAD: Lung adenocarcinoma LUSC: Lung squamous cell carcinoma READ: Rectum adenocarcinoma SKCM: skin cutaneous melanoma STAD: Stomach adenocarcinoma THCA: Thyroid carcinoma)




Figure 1 | (A) ACAA1 expression is down-regulated in 15 types of cancer (CHOL, COAD, ESCA, HNSC, KICH, KIRC, KIRP, LIHC, LUAD, LUSC, READ, SKCM, STAD, THCA, UCEC). (B) The mRNA levels of ACAA1 are lower in tumor tissues than paired adjacent normal tissues (GSD 3837). (C) ACAA1 expression is negatively correlated with oncogenic KRAS. (D) Knock-down of mutant KRAS in H1944 cells results in increased ACAA1 mRNA level. (E) ACAA1 mRNA level is significantly upregulated in H1944 after sorafenib treatment. *p < 0.05.



To analyze how oncogenic KRAS regulates ACAA1 expression and the related upstream signaling pathway, we used lung adenocarcinoma cell line H1944, which harbors KRASG13D mutation. We knocked down KRASG13D by siRNA and tested knockdown efficiency using q-PCR (supplementary Figure 1A). Knock-down of mutant KRAS resulted in increased ACAA1 mRNA levels (Figure 1D). Next, we inhibited downstream pathways of KRAS. After treatment with MAPK inhibitor, ACAA1 mRNA was significantly upregulated (Figure 1E). Based on these findings, we propose that ACAA1 is downregulated by oncogenic KRAS through the MAPK signaling pathway. We also confirmed the expression correlation of ACAA1 and KRAS using the GEPIA database. In LUAD and LUSC, ACAA1 expression was negatively correlated with oncogenic KRAS (Figure 1C).



ACAA1 Is Negatively Correlated With Tumor Mutation Burden in Lung Cancer

KRAS mutation is the second most prevalent mutation in lung cancer, and we observed that KRAS regulated the mRNA of ACAA1. We focused on these LUAD and LUSC in the downstream analysis. Tumor mutation burden is widely used as a biomarker for predicting efficacy of immune checkpoint blockade (17). We therefore analyzed the correlation of ACAA1 expression and biomarkers of tumor burden mutation (Figure 2). We found that ACAA1 was negatively correlated to BRCA1, ATM, ATR, CDK1, PMS2, MSH2, and MDH6, with statistically significant differences. BRCA1, ATM, ATR, and CDK1 are involved in DNA damage response (DDR) pathway. BRCA1 and CDK1 are the key signaling components of ATM and ATR protein kinases. Four mismatch-excision repair (MMR)-related genes, PMS2, MLH1, MSH2, and MDH6 were also tested. Except for MLH1, the other three biomarkers were negatively correlated to ACAA1. Together, these findings indicate that ACAA1 might function in maintaining DNA stability and DDR. As lung cancers harboring KRAS mutation have high response rate to PD-1/PD-L1 blockade, KRAS mutation might be a potential driver of DNA instability and DNA damage repair defects, thereby leading to the production of more neoantigens. ACAA1 might be a mediator in this process, through altering intracellular nutrients and metabolic signature.




Figure 2 | (A, C) In lung adenocarcinoma (LUAD), ACAA1 is correlated with BRCA1 (r= -0.33, p=2.4e-15), ATM (r= -0.0056, p=0.9), ATR (r= -0.1, p=0.015), CDK1 (r= -0.45, p=5.5e-29), PMS2 (r= -0.12, p=0.0059), MLH1 (r= 0.37, p=1.3e-18), MSH2 (r= -0.33, p=2.2e-15), and MDH6 (r= -0.31, p=1.6e-13). (B, D) In lung squamous carcinoma (LUSC), ACAA1 is correlated with BRCA1 (r= -0.25 p=4.4e-9), ATM(r= 0.12, p=0.0058), ATR (r= -0.0024, p=0.96), CDK1 (r= -0.36, p=7e-18), PMS2 (r= -0.2, p=3e-6), MLH1 (r= 0.4, p=1.5e-21), MSH2 (r= -0.23, p=4.4e-8), and MDH6 (r= -0.26, p=7.7e-11).





ACAA1 Expression Is Positively Correlated With CD4+ Cell Infiltration

Next, we investigated whether ACAA1 expression was correlated to infiltration of immune cell in the tumor microenvironment, including B cells, CD8+ and CD4+ T cells, macrophages, neutrophils, and dendritic cells (Figure 3A). We found that CD4+ T cells were positively correlated to ACAA1 expression in LUAD and LUSC, a correlation which showed statistical significance (r=0.2, p=9.44e-06, and r=0.318, p=1.36e-12 in LUAD and LUSC, respectively). Based on this, we propose that LUAD and LUSC harboring KRAS mutation probably recruit less CD4+ T cells by suppressing ACAA1 expression, providing tumors with an immunosuppressive microenvironment. The insufficient number of CD4+ T cells in the tumor microenvironment might be due to the decrease of either T cell infiltration or polarization of CD4+ cells.




Figure 3 | (A) ACAA1 is positively correlated with CD4+ T cell in lung adenocarcinoma (LUAD) and lung squamous cancer (LUSC) with statistical significance (r=0.2, p=9.44e-06 in LUAD; and r=0.318, p=1.36e-12 in LUSC). (B). Copy number variation of ACAA1 negatively correlates with CD4+ cells both in LUAD and in LUSC. *p < 0.05, **p < 0.01, ***p < 0.001.



The TIMER database also provides a comparison of tumor infiltration levels among tumors with different somatic copy number alterations for a given gene. We confirmed that ACAA1 functionally recruited the immune cells using this feature of the database. As shown in Figure 3B, copy number variation of ACAA1 was negatively correlated to CD4+ cells both in LUAD and in LUSC. Although we do not know whether copy number alternation of ACAA1 leads to its gain or loss of function, this result partially demonstrates that ACAA1 influences immune cells infiltration in a direct or indirect manner. Taken together, the two above results show that ACAA1 was positively correlated to T cell polarization. Reduced expression of ACAA1 in the tumor cells also indicates lower level of mature T cells in tumor stroma.



ACAA1 Is Positively Correlated With Th1, Th2, and Treg Cells in the Tumor Microenvironment of Lung Cancer

Further, we analyzed whether ACAA1 expression was closely related to Th1, Th2, Th17, and Treg cells by examining the expression of biomarkers from these cells. Functionally, Th1 cells facilitate differentiation of CD8+ cells to toxic T cells. Th2 and Th17 cells are instead negative regulators of Th1 cells. Treg cells have dual function in cancer immunology (18). These cells enable immunosuppressive cancer phenotypes by inhibiting T cell proliferation (19). FOXP3+ Treg is thought to promote tumor growth and metastasis by inhibiting anti-tumor immunity, and Treg accumulation in cancer is usually related to poor prognosis (20). We found that ACAA1 expression was positively correlated with TBX2, STAT4, and TNF-α, but negatively correlated with STAT1 and IFNG in LUAD, with similar expression correlation in LUSC (Figure 4A). As TBX2 is the main marker of Th1 cells, these results indicate a positive relationship between ACAA1 and Th1 cell infiltration in the tumor stroma. Among the Th2 cell markers (Figure 4B), in LUAD, ACAA1 was positively correlated to STAT6, while in LUSC, it was correlated with all Th2 cell markers, including GATA3, STAT6, STAT5A, and IL-13. STAT6 promotes naïve T cell differentiation to Th2 cells. Thus, a decrease in STAT6 in the tumor stroma results in decreased Th2 cells. ACAA1 expression levels also positively correlated with Treg cell markers (Figure 4C), with the best correlation in TGFB1, the major cytokine promoting T cell differentiation to Treg cells. Reduction of TGFB1 inhibits Treg cells in the tumor microenvironment. However, we found no significant correlation of ACAA1 to Th17 cells (Supplementary Figure 1B).




Figure 4 | ACAA1 expression levels also positively correlate with (A) Th1 cell markers (B) Th2 cell markers (C) Treg cell markers (D). ACAA1 is a biomarker of T cell exhaustion in lung squamous cancer (LUSC).




ACAA1 Is a Biomarker of T Cell Exhaustion in LUSC

The results presented above indicate that CD4+ T cell infiltration correlated with ACAA1, and most subsets of CD4+ cells were reduced in the tumor stroma. Subsequently, we analyzed the biomarkers indicating T cell exhaustion, to clarify the relationship between ACAA1 and this dysfunction state. We plotted the correlation of ACAA1 expression and stromal biomarkers of T cell exhaustion, including PD-1 (PDCD1), CTLA4, LAG3, HAVCR2, and GZMB. Expression of ACAA1 correlated positively with HAVCR2 and GZMB, and negatively with LAG3, showing statistical significance in LUAD (Figure 4D). In LUSC, ACAA1 expression was positively correlated to that of PD-1(PDCD1), CTLA4, LAG3, HAVCR2, and GZMB, with statistical significance. PDCD1 is an important biomarker of T cell exhaustion (21). Up-regulated PD-1 on T cells inhibits T cell differentiation to effector T cells and promotes T cell apoptosis. A previous study showed that oncogenic KRAS increases tumor PD-L1 expression and promotes CD8+ cells infiltration to the tumor stroma (22). In our study, we did not observe that KRAS mutation increased PD-L1 expression (Supplementary Figure 1C), nor a solid correlation of ACAA1 with PD-L1 expression in cancer cells using GEPIA (TCGA datasets) (Supplementary Figure 1D). More studies are needed to confirm their co-expression pattern. Nevertheless, ACAA1 seems to have different roles in LUSC and LUAD. In fact, in LUAD, ACAA1 did not show a consistent co-expression pattern with T cell exhaustion markers.



ACAA1 Is a Predictive Factor of Survival in a Wide Range of Cancer Types

ACAA1 was associated with immune cells infiltration and T cell polarization. Lastly, we investigated whether ACAA1 was a predictive factor of OS (Figure 5A–M) and PFS (Supplementary Figures 2 and 3). To this aim, we searched the survival data on Kaplan-Meier Plotter Database, which automatically generated the survival plots. ACAA1 significantly correlated with 13 out of 20 types of cancer, including bladder cancer, breast cancer, head-neck cancer, kidney renal cancer, kidney papillary cancer, liver cancer (hepatocyte carcinoma), lung cancer (lung adenocarcinoma), pheochromocytoma and paraganglioma, sarcoma, thymoma, thyroid carcinoma, uterine corpus endometrial carcinoma, and rectum adenocarcinoma. Cancers with higher ACAA1 expression level displayed higher overall survival, while those with reduced ACAA1 expression had worst outcomes. Collectively, these findings suggest that ACAA1 acts as a tumor suppressor in many types of cancers, possibly by altering the nutrient configuration and immune suppression.




Figure 5 | ACAA1 is a predictive factor for survival in a wide range of cancer types. (A) Bladder cancer. (B) Breast cancer. (C) Head-neck cancer. (D) Kidney renal cancer. (E) Kidney papillary cancer. (F) Liver cancer. (G) Lung cancer. (H) Pheochromocytoma and Paraganglioma. (I) Sarcoma (J) Thymoma. (K)Thyroid carcinoma. (L) Uterine corpus endometrial carcinoma. (M) Rectum adenocarcinoma.







Discussion

Recent studies indicated that NSCLC harboring KRAS mutation show higher clinical response rate to and efficacy of PD-1/PD-L1 blockade (22, 23). However, the potential underlying mechanisms are still obscure. Our study suggests that oncogenic KRAS suppresses ACAA1 expression through MAPK signaling pathway. We found that ACAA1 positively correlates with CD4+ cell infiltration and T cell exhaustion. Moreover, reduced ACAA1 expression is associated with lower overall survival in various types of cancer, indicating that ACAA1 acts as a tumor suppressor in a wide range of malignancies. Oncogenic KRAS enhances immune checkpoint inhibitor efficacy by providing an inflammatory tumor microenvironment (24). Additionally, oncogenic KRAS also increases tumor PD-L1 expression and promotes CD8+ cells infiltration into the tumor stroma (22). Moreover, NSCLC harboring KRAS mutation present a higher tumor mutation burden, leading to tumor immunogenicity. Here, we found that ACAA1 was positively correlated with CD4+ cell infiltration. Copy number variation of ACAA1 also pointed to lower abundance of CD4+ in the tumor microenvironment. Although the impact of ACAA1 mutation on cancer has not been thoroughly investigated yet, these results partially demonstrate that ACAA1 functionally recruits immune cells to the tumor microenvironment.

The mean TMB and the proportion of patients with a TMB >10 or >20 mut/Mb is significantly higher for KRAS-mutated patients (10.3 mut/Mb) than for EGFR, ALK, ROS1 or MET exon 14-mutated patients (3.1 to 6.2 mut/Mb) (25). The higher mutation burden of KRAS mutant lung cancer may be due to the higher proportion of smokers among the patients presenting this type of cancer (26). However, whether the occurring KRAS mutation simply coincides with other genetic mutations or is the direct cause of the downstream DNA instability remains unknown. One potential mechanism by which oncogenic KRAS could regulate tumor mutation burden is via promoting fatty acid accumulation in tumor cells (27). A former study showed that oncogenic KRAS induces fatty acid synthase (FASN) to enhance lipogenesis with a specific lipid signature in lung adenocarcinoma (28). KRAS also activates ERK2 protein by upregulating ERK1. Consistently, FASN inhibition blocks cellular proliferation of KRAS-driven lung cancer cells. Importantly, saturated fatty acids play a negative role in DDR by compromising the induction of p21 and Bax expression in response to double-strand breaks and ssDNA. Moreover, saturated fatty acids appear to regulate p21 and Bax expression via Atr-p53-dependent and -independent pathways (28). ACAA1 transfers acetyl-CoA to fatty acids and provides substrates to the TCA cycle. Therefore, downregulated ACAA1 expression may result in accumulation of fatty acids in cancer cells, consequently leading to DNA instability.

Nonetheless, how ACAA1 mediates immune cell infiltration, as well as whether this phenomenon is causally related to ACAA1 expression or just coincidental, was still unknown. If there were a causal relationship, an appropriate explanation to it would be that metabolic shifts in tumor cells might alter the nutrient configuration in tumor stroma. Tumor cells and immune cells interact with each other through microenvironmental nutrient competition (29–31). Cancer cells utilize glycolysis as their predominant energy source, a biological phenomenon called “Warburg effect”. Nutrient competition between cancer cells and immune cells extends the function of Warburg effect to a cell-extrinsic advantage. Warburg effect promotes depletion of extracellular glucose in the tumor microenvironment, which renders tumor-infiltrating T cells dysfunctional. Glucose in the tumor stroma is reduced due to the increased glycolysis within tumor cells, which restricts glucose availability to T cells and leads to their dysfunction (32). Tumor cells produce and secrete lactic acid into the tumor microenvironment. In addition to glucose metabolism, amino acid and fatty acid metabolism also change in tumor cells. Importantly, all these metabolites affect T cell polarization. Oxidative phosphorylation (OXPHOS) and fatty acid oxidation (FAO) fuel Treg cells. Memory T cells rely on FAO, while activated Tregs primarily depend on glycolysis and fatty acid synthesis. Nutrient availability in the tumor microenvironment favors different subtypes of T cells (33). ACAA1 was recently also implicated in regulating infiltration of T cell subtypes in the tumor stroma. Yang and colleagues reported that the anti-tumor response of mouse CD8+ T cells can be potentiated by modulating cholesterol metabolism. They found that, in mice, inhibition of acetyl-CoA acetyltransferase 1 (Acat1) in CD8+ T cells restores their antitumor effect and reduces cancer progression and metastasis (34). Following CD8+ T cell activation, the mRNA levels of a subset of genes involved in cholesterol biosynthesis and transport pathways are upregulated, while genes implicated in the cholesterol efflux pathway are downregulated. Acat1 (ACAA1 in our study) mRNA levels are significantly upregulated at early time points, when CD8+ cells are activated. Moreover, inhibitors targeting Acat1 could restore CD8+ cell function, and a combination of PD-1/PD-L1 antibody and Acat1 inhibitor demonstrated greater efficacy than the single agents. Interestingly, Patsoukis and colleagues showed that PD-1 preserves effector T-cell function by inhibiting glycolysis and promoting fatty acid oxidation in CD4+ T cells through carnitine palmitoyltransferase I (CPT1A) (35). Besides predicting the efficacy of PD-1/PD-L1 inhibition, Zhang et al. reported that the ACAA1 expression level was negatively correlated to several inhibitors, including Scr inhibitor (AZD0530), MEK1/2 inhibitor (AZD6244), EGFR inhibitor (Erlotinib), HER inhibitor (Lapatinib), and VEGFR2/3 inhibitor (ZD-6474) (36). Their findings reaffirmed the important role of ACAA1in predicting therapeutic efficacy.

More studies are needed to demonstrate nutrient competition between tumor cells and immune cells. In vitro metabolic analysis can improve our understanding of the metabolic phenotypes specific of tumor cells and immune cells, and how they interact with each other. However, the information provided by in vitro studies may not be generalizable in vivo. The metabolic phenotype of nutrient competition relies on the supply of related fuels, such as glucose, amino acids, and fatty acids, which are certainly present at lower concentrations in vivo than in laboratory culture conditions. The consequence of the limited supply of these fuels in a discrete immune microenvironment in the body is likely a change in metabolic as well as nutrition-sensitive signaling pathways that affect the fate and function of immune cells. The lack of research tools for measuring nutrient distribution at the single-cell level also severely hinders our understanding of when and where nutrients are available in the body. Therefore, elucidating how nutrient supply affects immune cell metabolism and tumor-stroma interactions remains a major challenge in the field of immune metabolism.

The function of ACAA1 is to provide substrates entering the TCA cycle to fuel the cell. Suppression of ACAA1 might therefore lead to reduced activity of this cycle. The TCA cycle is a series of critical reaction used by all aerobic organisms. The main metabolic shift in solid tumors known as Warburg effect refers to the preferable use of glycolysis in cancer cells to gain fuel, instead of the more effective pathway of oxidative phosphorylation (37). By generating and secreting lactate into the tumor microenvironment, tumor cells provide acidic and hypoxic conditions to the tumor stroma and increase the nutritional pressure on effector T cells (38). Consequently, metabolites from tumor cells accumulate in the tumor microenvironment and lead to T cell metabolic switch, resulting in T cell dysfunction and exhaustion (39).



Conclusion

Here, we showed that decreased ACAA1 expression correlates with poor prognosis and decreased immune infiltration of CD4+ T cells in LUAD and LUSC, and predicts T cell exhaustion in LUSC. As ACAA1 catalyzes fatty acid entry into the TCA cycle, we speculate that this phenotype could be due to nutrient competition between cancer cells and immune infiltrates. Nevertheless, clinical cohort is inevitable in validation the predictive power of this marker and the exact mechanism warrants further investigation.
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Supplementary Figure 1 | (A) KRASG13D by knockdown efficiency by siRNA using q-PCR. (B) No significant correlation of ACAA1 to Th17 cells in LUAD and LUSC. (C) KRAS mutation did not increase PD-L1 expression. (D) No solid correlation of ACAA1 with PD-L1 expression in cancer cells using GEPIA database analysis.

Supplementary Figure 2 | ACAA1 was not a predictive factor of PFS. (A) Bladder Carcinoma (B) Breast cancer (C) Cervical squamous cell carcinoma (D) Esophageal Adenocarcinoma (E) Esophageal Squamous Cell Carcinoma (F). Head-neck squamous cell carcinoma (G) Kidney renal clear cell carcinoma (H). Kidney renal papillary cell carcinoma (I). Liver hepatocellular carcinoma (J) Lung adenocarcinoma.

Supplementary Figure 3 | ACAA1 was not a predictive factor of PFS. (A) Lung squamous cell carcinoma (B). Ovarian cancer (C) Pancreatic ductal adenocarcinoma. (D) Pheochromocytoma and Paraganglioma. (E) Rectum adenocarcinoma (F). Sarcoma (G) Stomach adenocarcinoma (H)Testicular Germ Cell Tumor (I).Thyroid carcinoma (J) Uterine corpus endometrial carcinoma.

Supplementary Figure 4 | ACAA1 was not a predictive factor of OS in the following types of cancers. (A) Cervical squamous cell carcinoma (B) Esophageal Adenocarcinoma (C) Esophageal Squamous Cell Carcinoma (D) Ovarian cancer (E). Pancreatic ductal adenocarcinoma (F) Stomach adenocarcinoma (G) Testicular Germ Cell Tumor.



References

1. Siegel, RL, Miller, KD, and Jemal, A. Cancer statistics, 2019. CA: Cancer J Clin (2019) 69(1):7–34. doi: 10.3322/caac.21551

2. Ding, L, Getz, G, Wheeler, DA, Mardis, ER, McLellan, MD, Cibulskis, K, et al. Somatic mutations affect key pathways in lung adenocarcinoma. Nature (2008) 455(7216):1069–75. doi: 10.1038/nature07423

3. Dias Carvalho, P, Guimaraes, CF, Cardoso, AP, Mendonca, S, Costa, AM, Oliveira, MJ, et al. KRAS Oncogenic Signaling Extends beyond Cancer Cells to Orchestrate the Microenvironment. Cancer Res (2018) 78(1):7–14. doi: 10.1158/0008-5472.can-17-2084

4. Zdanov, S, Mandapathil, M, Abu Eid, R, Adamson-Fadeyi, S, Wilson, W, Qian, J, et al. Mutant KRAS Conversion of Conventional T Cells into Regulatory T Cells. Cancer Immunol Res (2016) 4(4):354–65. doi: 10.1158/2326-6066.cir-15-0241

5. Tran, E, Robbins, PF, Lu, Y-C, Prickett, TD, Gartner, JJ, Jia, L, et al. T-Cell Transfer Therapy Targeting Mutant KRAS in Cancer. New Engl J Med (2016) 375(23):2255–62. doi: 10.1056/NEJMoa1609279

6. Hieronymus, H, Murali, R, Tin, A, Yadav, K, Abida, W, Moller, H, et al. Tumor copy number alteration burden is a pan-cancer prognostic factor associated with recurrence and death. eLife (2018) 7:e37294. doi: 10.7554/eLife.37294

7. Cao, D, Xu, H, Xu, X, Guo, T, and Ge, W. High tumor mutation burden predicts better efficacy of immunotherapy: a pooled analysis of 103078 cancer patients. Oncoimmunology (2019) 8(9):e1629258. doi: 10.1080/2162402x.2019.1629258

8. Stutvoet, TS, Kol, A, de Vries, EG, de Bruyn, M, Fehrmann, RS, Terwisscha van Scheltinga, AG, et al. MAPK pathway activity plays a key role in PD-L1 expression of lung adenocarcinoma cells. J Pathol (2019) 249(1):52–64. doi: 10.1002/path.5280

9. Bedognetti, D, Roelands, J, Decock, J, Wang, E, and Hendrickx, W. The MAPK hypothesis: immune-regulatory effects of MAPK-pathway genetic dysregulations and implications for breast cancer immunotherapy. Emerg Topics Life Sci (2017) 1(5):429–45. doi: 10.1042/etls20170142

10. Ebert, PJR, Cheung, J, Yang, Y, McNamara, E, Hong, R, Moskalenko, M, et al. MAP Kinase Inhibition Promotes T Cell and Anti-tumor Activity in Combination with PD-L1 Checkpoint Blockade. Immunity (2016) 44(3):609–21. doi: 10.1016/j.immuni.2016.01.024

11. Kumar, A, Shiloach, J, Betenbaugh, MJ, and Gallagher, EJ. The beta-3 adrenergic agonist (CL-316,243) restores the expression of down-regulated fatty acid oxidation genes in type 2 diabetic mice. Nutr Metab (Lond) (2015) 12:8–. doi: 10.1186/s12986-015-0003-8

12. Nwosu, ZC, Battello, N, Rothley, M, Pioronska, W, Sitek, B, Ebert, MP, et al. Liver cancer cell lines distinctly mimic the metabolic gene expression pattern of the corresponding human tumours. J Exp Clin Cancer Res CR (2018) 37(1):211. doi: 10.1186/s13046-018-0872-6

13. Li, T, Fan, J, Wang, B, Traugh, N, Chen, Q, Liu, JS, et al. TIMER: A Web Server for Comprehensive Analysis of Tumor-Infiltrating Immune Cells. Cancer Res (2017) 77(21):e108–e10. doi: 10.1158/0008-5472.can-17-0307

14. Pan, JH, Zhou, H, Cooper, L, Huang, JL, Zhu, SB, Zhao, XX, et al. LAYN Is a Prognostic Biomarker and Correlated With Immune Infiltrates in Gastric and Colon Cancers. Front Immunol (2019) 10:6:6. doi: 10.3389/fimmu.2019.00006

15. Tang, Z, Li, C, Kang, B, Gao, G, and Zhang, Z. GEPIA: a web server for cancer and normal gene expression profiling and interactive analyses. Nucleic Acids Res (2017) 45(W1):W98–W102. doi: 10.1093/nar/gkx247

16. Saito, S, Espinoza-Mercado, F, Liu, H, Sata, N, Cui, X, and Soukiasian, HJ. Current status of research and treatment for non-small cell lung cancer in never-smoking females. Cancer Biol Ther (2017) 18(6):359–68. doi: 10.1080/15384047.2017.1323580

17. Goodman, AM, Kato, S, Bazhenova, L, Patel, SP, Frampton, GM, Miller, V, et al. Tumor Mutational Burden as an Independent Predictor of Response to Immunotherapy in Diverse Cancers. Mol Cancer Ther (2017) 16(11):2598–608. doi: 10.1158/1535-7163.mct-17-0386

18. Dobrzanski, M. Expanding Roles for CD4 T Cells and Their Subpopulations in Tumor Immunity and Therapy. Front Oncol (2013) 3(63):26–63. doi: 10.3389/fonc.2013.00063

19. Woo, EY, Yeh, H, Chu, CS, Schlienger, K, Carroll, RG, Riley, JL, et al. Cutting edge: Regulatory T cells from lung cancer patients directly inhibit autologous T cell proliferation. J Immunol (Baltimore Md 1950) (2002) 168(9):4272–6. doi: 10.4049/jimmunol.168.9.4272

20. Akimova, T, Zhang, T, Negorev, D, Singhal, S, Stadanlick, J, Rao, A, et al. Human lung tumor FOXP3+ Tregs upregulate four “Treg-locking” transcription factors. JCI Insight (2017) 2(16):e94075. doi: 10.1172/jci.insight.94075

21. Wherry, EJ, and Kurachi, M. Molecular and cellular insights into T cell exhaustion. Nat Rev Immunol (2015) 15(8):486–99. doi: 10.1038/nri3862

22. Liu, C, Zheng, S, Jin, R, Wang, X, Wang, F, Zang, R, et al. The superior efficacy of anti-PD-1/PD-L1 immunotherapy in KRAS-mutant non-small cell lung cancer that correlates with an inflammatory phenotype and increased immunogenicity. Cancer Lett (2020) 470:95–105. doi: 10.1016/j.canlet.2019.10.027

23. Passiglia, F, Cappuzzo, F, Alabiso, O, Bettini, AC, Bidoli, P, Chiari, R, et al. Efficacy of nivolumab in pre-treated non-small-cell lung cancer patients harbouring KRAS mutations. Br J Cancer (2019) 120(1):57–62. doi: 10.1038/s41416-018-0234-3

24. Dias Carvalho, P, Machado, AL, Martins, F, Seruca, R, and Velho, S. Targeting the Tumor Microenvironment: An Unexplored Strategy for Mutant KRAS Tumors. Cancers (2019) 11(12). doi: 10.3390/cancers11122010

25. Berland, L, Heeke, S, Humbert, O, Macocco, A, Long-Mira, E, Lassalle, S, et al. Current views on tumor mutational burden in patients with non-small cell lung cancer treated by immune checkpoint inhibitors. J Thorac Dis (2019) 11(Suppl 1):S71–80. doi: 10.21037/jtd.2018.11.102

26. Galuppini, F, Dal Pozzo, CA, Deckert, J, Loupakis, F, Fassan, M, and Baffa, R. Tumor mutation burden: from comprehensive mutational screening to the clinic. Cancer Cell Int (2019) 19(1):209. doi: 10.1186/s12935-019-0929-4

27. Zeng, L, Wu, G-Z, Goh, KJ, Lee, YM, Ng, CC, You, AB, et al. Saturated fatty acids modulate cell response to DNA damage: implication for their role in tumorigenesis. PloS One (2008) 3(6):e2329–e. doi: 10.1371/journal.pone.0002329

28. Gouw, AM, Eberlin, LS, Margulis, K, Sullivan, DK, Toal, GG, Tong, L, et al. Oncogene KRAS activates fatty acid synthase, resulting in specific ERK and lipid signatures associated with lung adenocarcinoma. Proc Natl Acad Sci U States America (2017) 114(17):4300–5. doi: 10.1073/pnas.1617709114

29. Gupta, S, Roy, A, and Dwarakanath, BS. Metabolic Cooperation and Competition in the Tumor Microenvironment: Implications for Therapy. Front Oncol (2017) 7:68. doi: 10.3389/fonc.2017.00068

30. Chang, C-H, Qiu, J, O’Sullivan, D, Michael D, B, Noguchi, T, Curtis Jonathan, D, et al. Metabolic Competition in the Tumor Microenvironment Is a Driver of Cancer Progression. Cell (2015) 162(6):1229–41. doi: 10.1016/j.cell.2015.08.016

31. Lyssiotis, CA, and Kimmelman, AC. Metabolic Interactions in the Tumor Microenvironment. Trends Cell Biol (2017) 27(11):863–75. doi: 10.1016/j.tcb.2017.06.003

32. Sukumar, M, Roychoudhuri, R, and Restifo Nicholas, P. Nutrient Competition: A New Axis of Tumor Immunosuppression. Cell (2015) 162(6):1206–8. doi: 10.1016/j.cell.2015.08.064

33. Yin, Z, Bai, L, Li, W, Zeng, T, Tian, H, and Cui, J. Targeting T cell metabolism in the tumor microenvironment: an anti-cancer therapeutic strategy. J Exp Clin Cancer Res (2019) 38(1):403. doi: 10.1186/s13046-019-1409-3

34. Yang, W, Bai, Y, Xiong, Y, Zhang, J, Chen, S, Zheng, X, et al. Potentiating the antitumour response of CD8(+) T cells by modulating cholesterol metabolism. Nature (2016) 531(7596):651–5. doi: 10.1038/nature17412

35. Patsoukis, N, Bardhan, K, Chatterjee, P, Sari, D, Liu, B, Bell, LN, et al. PD-1 alters T-cell metabolic reprogramming by inhibiting glycolysis and promoting lipolysis and fatty acid oxidation. Nat Commun (2015) 6:6692–. doi: 10.1038/ncomms7692

36. Zhang, X, Yang, H, Zhang, J, Gao, F, and Dai, L. HSD17B4, ACAA1, and PXMP4 in Peroxisome Pathway Are Down-Regulated and Have Clinical Significance in Non-small Cell Lung Cancer. Front Genet (2020) 11:273. doi: 10.3389/fgene.2020.00273

37. Alfarouk, KO, Verduzco, D, Rauch, C, Muddathir, AK, Adil, HHB, Elhassan, GO, et al. Glycolysis, tumor metabolism, cancer growth and dissemination. A new pH-based etiopathogenic perspective and therapeutic approach to an old cancer question. Oncoscience (2014) 1(12):777–802. doi: 10.18632/oncoscience.109

38. Kouidhi, S, Elgaaied, AB, and Chouaib, S. Impact of Metabolism on T-Cell Differentiation and Function and Cross Talk with Tumor Microenvironment. Front Immunol (2017) 8:270. doi: 10.3389/fimmu.2017.00270

39. Kouidhi, S, Ben Ayed, F, and Benammar Elgaaied, A. Targeting Tumor Metabolism: A New Challenge to Improve Immunotherapy. Front Immunol (2018) 9:353. doi: 10.3389/fimmu.2018.00353



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Feng and Shen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Misc/fonc-10-564796.xml
    Front. Oncol. Frontiers in Oncology Front. Oncol. 2234-943X  Frontiers Media S.A.  10.3389/fonc.2020.564796   Oncology  Original Research  ACAA1 Is a Predictive Factor of Survival and Is Correlated With T Cell Infiltration in Non-Small Cell Lung Cancer    Feng Huiyi    Shen Weixi  *   Department of Oncology, Shenzhen Hospital of Southern Medical University,  Shenzhen,  China   Edited by: Jessy Deshane, University of Alabama at Birmingham, United States  Reviewed by: Manuel Cobo Dols, Junta de Andalucía, Spain; Alessandro Russo, A.O. Papardo, Italy  *Correspondence: Weixi Shen,  13600436895@126.com  This article was submitted to Thoracic Oncology, a section of the journal Frontiers in Oncology  22 10 2020  2020 10 564796   05 06 2020  28 09 2020  Copyright © 2020 Feng and Shen 2020 Feng and Shen  This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.  Non-small cell lung cancer (NSCLC) is the predominant subtype of lung cancers. KRAS mutation is the second most prevalent mutation in NSCLC. KRAS mutant cancer cells suppress the anti-tumor T cell response. However, the underlying mechanism is still unknown. Here, we analyzed the differential expression of acetyl-CoA acyltransferase 1 (ACAA1) in various types of cancers using the TIMER database and validated the results in the NSCLC cell line H1944. We silenced oncogenic KRAS by siRNA targeting KRAS G13D, and employed an MAPK signaling pathway inhibitor to clarify the possible regulatory pathway. Moreover, we analyzed the correlation of ACAA1 expression level with B cells, CD4 + T cells, CD8 + T cells, neutrophils, macrophages, and dendritic cells. Correlations between expression of ACAA1 and several biomarkers of mutation burden were also tested. Finally, we evaluated the prognostic value of ACAA1 in a wide range of cancers using the Kaplan-Meier Plotter Database. We found lower expression of ACAA1 in tumor tissue than in adjacent normal tissue in various cancers. This result was confirmed using a GEO dataset. Knock-down of mutant KRAS resulted in increased ACAA1 mRNA level in H1944 cells. ACAA1 mRNA level was significantly upregulated in H1944 after treatment with MAPK pathway inhibitor sorafenib, indicating that oncogenic KRAS may downregulate ACAA1 through MAPK signaling. ACAA1 was negatively correlated with biomarkers of tumor mutation burden, including BRCA1, ATM, ATR, CDK1, PMS2, MSH2, and MDH6. Conversely, ACAA1 expression was positively correlated with infiltrating CD4 + cells and with Th1, Th2, Treg cells in the lung tumor microenvironment. Finally, we showed that ACAA1 is a predictive factor for survival in several cancer types. In summary, decreased ACAA1 expression is correlated with poor prognosis and decreases immune infiltration of CD4 + T cells in LUAD and LUSC. ACAA1 also predicts T cell exhaustion in LUSC. The mechanism underlying KRAS/ACAA1 axis-mediated regulation of immune cell infiltration requires further investigation.  non-small cell lung cancer KRAS mutation immune cell infiltration immune checkpoint blockade tumor metabolites Sanming Project of Medicine in Shenzhen 10.13039/501100012151          Graphical Abstract   Introduction Lung cancer is the second leading malignancy for new cases and the first for mortality among all types of malignancies ( 1). Non-small cell lung cancer (NSCLC), which included lung adenocarcinoma (LUAD) and lung squamous cancer (LUSC), is the predominant subtype of lung cancer. KRAS mutation is the second prevalent mutation in NSCLC ( 2). Cancer cells with KRAS mutations can avoid being attacked by the immune system, facilitating immune evasion or immunosuppression phenotypes of the tumor. Immunosuppression is a basic requirement for transforming cell survival and cancer development. There are several potential mechanisms by which KRAS mutant cancer cells may suppress the anti-tumor T cell response. Among these, the ability of KRAS mutant cells to convert CD4 + Th cells into functional Tregs is crucial to inhibit T cell activation and promote a tolerogenic microenvironment ( 3). Another mechanism includes secretion of suppressive cytokines IL10 and TGFβ1 through MAPK signaling pathway ( 4), leading to T cell dysfunction. However, the precise mechanisms by which oncogenic KRAS induces immunosuppressive tumor microenvironment remain elusive. By increasing the mutation burden of tumor cells, oncogenic KRAS also induces the production of a large number of neoantigens that may be recognized by CD8 + and CD4 + T cells. Specific anti-tumor T lymphocyte response can be induced after transferring KRAS mutant epitopes to adaptive T cells previously attacked ( 5). Tumor mutation burden is a prognostic factor for survival in a wide range of cancers ( 6), as well as a predictive factor for efficacy of PD-1/PD-L1 blockade immunotherapy ( 7). MAPK signaling pathway is a key regulator of PD-L1 expression in lung adenocarcinoma ( 8). Activation of the MAPK pathway increases the expression of PD-L1 at both the mRNA and protein level, while repression of this pathway down-regulates PD-L1. Similar results were also observed in breast cancer. A preclinical study showed that combination of MAPK and PD-1 inhibitors leads to better efficacy in various types of cancers ( 9). Tumor cell and immune cell interaction is also regulated by MAPK pathway. In fact, MEK inhibition increases CD8 + T cell infiltration within the tumor, while combination of MEK and PD-1 inhibitors synergistically promotes tumor regression ( 10). We noted that oncogenic KRAS suppresses the expression of acetyl-CoA acyltransferase 1 (ACAA1)  via the MAPK signaling pathway. ACAA1 is an enzyme involved in lipid β-oxidation and provides substrates to the tricarboxylic acid (TCA) cycle, a critical step in cellular metabolism. ACAA1 is also a biomarker in type 2 diabetes (T2D), predicting the pre-diabetic metabolic signature in mouse models ( 11). Nwosu et al. observed that up-regulated activity of MAPK/RAS/NFκB signaling in liver cancer was associated with poor survival and identified 148 down-regulated metabolic genes regulated by the MAPK signaling pathway. These differential genes, including ACAA1, were enriched in fatty acid β-oxidation. Metabolomic studies also showed a high dependence of the tumor cells on glutamine to promote the TCA cycle ( 12). Based on these scientific findings, we were motivated to analyze the potential role of ACAA1 in KRAS-mutant NSCLC and elucidate the correlation of ACAA1 with the immunosuppressive phenotype in the tumor microenvironment.  Materials and Methods  TIMER Database Analysis TIMER is a comprehensive resource for systematic analysis of immune infiltrates across diverse cancer types ( https://cistrome.shinyapps.io/timer/) ( 13). TIMER applies a deconvolution with a previously published statistical method to infer the abundance of tumor-infiltrating immune cells (TIICs) from gene expression profiles. The TIMER database includes 10,897 samples across 32 cancer types from The Cancer Genome Atlas (TCGA) to estimate the abundance of immune infiltrates. First, we analyzed differential expression of ACAA1 in pan cancer. We aimed to exclude confounding factors, such as ACAA1 expression in tumor stromal cells or immune cells. We excluded the cancer types that had no statistical significance and employed those showing statistical significance for downstream analysis. Second, we analyzed the correlation of ACAA1 expression with the abundance of immune infiltrating cells, including B cells, CD4 + T cells, CD8 + T cells, neutrophils, macrophages, and dendritic cells. Third, correlations between ACAA1 expression and markers of different T cell subsets, including Th1 cells (TBX21, STAT4, STAT1, IFN-γ, TNF-α), Th2 cells (GATA3, STAT6, STAT5A, IL13), Th17 cells (STAT3, IL17A), and Treg cells (FOXP3, CCR8, STST5B, TGFB1). T cell exhaustion markers, including PDCD1, CTLA4, LAG3, TIM-3, GZMB, were also analyzed ( 14). The correlation module generated the expression scatter plots between a pair of user-defined genes in given cancer types, together with the estimated statistical significance. ACAA1 was used for the x-axis with gene symbols; related marker genes are represented on the y-axis as gene symbols. The gene expression level was displayed with log 2 RSEM. P value Spearman’s correlation coefficient was calculated automatically by the server.  GEPIA Database Analysis To verify the relationship between KRAS and ACAA1, we searched the expression correlation in GEPIA ( 15), an interactive web that includes 9,736 tumors and 8,587 normal samples from TCGA and the GTEx projects, which analyzes RNA expression. Gene expression correlation analysis was performed for given sets of TCGA expression data. We analyzed the expression pattern of ACAA1 and KRAS to identify the co-expression of several biomarkers indicating tumor mutation burden, including BRCA1, ATM, ATR, CDK1, PMS2, MLH1, MSH2, and MDH6. The Spearman method was used to determine the correlation coefficient.  Cell Line and siRNA Transfection Lung adenocarcinoma cell line H1944 was used to determine the regulation of ACAA1 expression. H1944 cells harbor KRAS mutation G13D. SiRNAs targeting KRAS G13D (5’ GGAGGGCUUUCUUUGUGUA 3’, 5’ UCAAAGACAAAGUGUGUAA 3’), were transfected into H1944 cells using Lipofectamine 3000. One day before transfection, 25,000 cells were seeded in 24-well plates. On the day of transfection, 40 nM siRNA was diluted into 25 µl of Opti-mem, while 0.75 µl of lipofectamine was diluted in a final volume of 25 µl of Opti-mem. SiRNA and lipofectamine were mixed and allowed to react at room temperature for 10 min. After replacing complete medium with Opti-mem in each well, the total 50 µl siRNA-lipo complex was added to the wells. Twelve hours after transfection, Opti-mem medium was replaced with complete medium. Forty-eight hours after transfection, the cells were harvested, and total RNA and total proteins were extracted and used for the relevant experiments.  MAPK Pathway Inhibition To identify upstream regulatory pathways of ACAA1, H1944 cells were treated with the MAPK-ERK pathway inhibitor sorafenib. One day before treatment, 500,000 cells were seeded in 6-well plates. On the day of treatment, 5 µM or 10 µM of pathway inhibitor were added to the wells. The cells were collected at different timepoints (6, 12, 24, and 48 h) after treatment, and total RNA and protein were extracted using Trizol or NP40 cell lysis buffer. Subsequently, the RNA was used for q-PCR analysis.  Kaplan-Meier Plotter Database Analysis Kaplan-Meier plotter analyzes the correlation of RNA-seq data in over 20 cancer types with overall survival (OS) and progression-free survival (PFS) in 7,489 patients ( https://kmplot.com/analysis/index.php?p=service&cancer=pancancer_rnaseq). The database is an online server indicating prognostic biomarkers in pan cancer. We searched the target gene ACAA1 in the server to identify in which types of cancer ACAA1 potentially shows prognostic value. The gene expression level cutoff was defined as 50% of RFKM, above which the expression was defined high, and conversely low. P value was calculated automatically by the server.  Statistical Analysis Survival curves were generated by the Kaplan-Meier plots displayed with HR and P or Cox P-values from a log-rank test. The correlation of gene expression was evaluated by Spearman’s correlation and statistical significance. P-values <0.05 were considered statistically significant.  Results  Expression of ACAA1 Is Lower in Tumor Tissues Than in Adjacent Normal Tissue in Various Types of Cancer First, we aimed at elucidating whether ACAA1 had different expression patterns in tumor tissue and paired adjacent normal tissue. We included all cancer types and performed the analysis in the TIMER database (  Figure 1A). ACAA1 expression was significantly down-regulated in 15 types of cancers (CHOL, COAD, ESCA, HNSC, KICH, KIRC, KIRP, LIHC, LUAD, LUSC, READ, SKCM, STAD, THCA, UCEC), and up-regulated in only one type of cancer, PRAD. As our research interest is focused on lung cancer, we re-analyzed ACAA1 expression in tumor tissue and adjacent normal tissue using a GEO dataset (GSD 3837) ( 16). ACAA1 showed lower mRNA levels in tumor tissues than in paired adjacent normal tissues (  Figure 1B). Thus, the expression pattern indicated that ACAA1 acts as a tumor suppressor in most types of cancers. (abbreviations: CHOL: Cholangiocarcinoma; COAD: colon adenocarcinoma ESCA: Esophageal Squamous Cell Carcinoma HNSC: Head-neck squamous cell carcinoma KICH: Kidney chromophobe KIRC: Kidney renal clear cell carcinoma KIRP: Kidney renal papillary cell carcinoma LIHC: Liver hepatocellular carcinoma LUAD: Lung adenocarcinoma LUSC: Lung squamous cell carcinoma READ: Rectum adenocarcinoma SKCM: skin cutaneous melanoma STAD: Stomach adenocarcinoma THCA: Thyroid carcinoma)  Figure 1   (A) ACAA1 expression is down-regulated in 15 types of cancer (CHOL, COAD, ESCA, HNSC, KICH, KIRC, KIRP, LIHC, LUAD, LUSC, READ, SKCM, STAD, THCA, UCEC).  (B) The mRNA levels of ACAA1 are lower in tumor tissues than paired adjacent normal tissues (GSD 3837).  (C) ACAA1 expression is negatively correlated with oncogenic KRAS.  (D) Knock-down of mutant KRAS in H1944 cells results in increased ACAA1 mRNA level.  (E) ACAA1 mRNA level is significantly upregulated in H1944 after sorafenib treatment. *p < 0.05.  To analyze how oncogenic KRAS regulates ACAA1 expression and the related upstream signaling pathway, we used lung adenocarcinoma cell line H1944, which harbors KRAS G13D mutation. We knocked down KRAS G13D by siRNA and tested knockdown efficiency using q-PCR (  supplementary Figure 1A). Knock-down of mutant KRAS resulted in increased ACAA1 mRNA levels (  Figure 1D). Next, we inhibited downstream pathways of KRAS. After treatment with MAPK inhibitor, ACAA1 mRNA was significantly upregulated (  Figure 1E). Based on these findings, we propose that ACAA1 is downregulated by oncogenic KRAS through the MAPK signaling pathway. We also confirmed the expression correlation of ACAA1 and KRAS using the GEPIA database. In LUAD and LUSC, ACAA1 expression was negatively correlated with oncogenic KRAS (  Figure 1C).  ACAA1 Is Negatively Correlated With Tumor Mutation Burden in Lung Cancer KRAS mutation is the second most prevalent mutation in lung cancer, and we observed that KRAS regulated the mRNA of ACAA1. We focused on these LUAD and LUSC in the downstream analysis. Tumor mutation burden is widely used as a biomarker for predicting efficacy of immune checkpoint blockade ( 17). We therefore analyzed the correlation of ACAA1 expression and biomarkers of tumor burden mutation (  Figure 2). We found that ACAA1 was negatively correlated to BRCA1, ATM, ATR, CDK1, PMS2, MSH2, and MDH6, with statistically significant differences. BRCA1, ATM, ATR, and CDK1 are involved in DNA damage response (DDR) pathway. BRCA1 and CDK1 are the key signaling components of ATM and ATR protein kinases. Four mismatch-excision repair (MMR)-related genes, PMS2, MLH1, MSH2, and MDH6 were also tested. Except for MLH1, the other three biomarkers were negatively correlated to ACAA1. Together, these findings indicate that ACAA1 might function in maintaining DNA stability and DDR. As lung cancers harboring KRAS mutation have high response rate to PD-1/PD-L1 blockade, KRAS mutation might be a potential driver of DNA instability and DNA damage repair defects, thereby leading to the production of more neoantigens. ACAA1 might be a mediator in this process, through altering intracellular nutrients and metabolic signature.  Figure 2   (A, C) In lung adenocarcinoma (LUAD), ACAA1 is correlated with BRCA1 (r= -0.33, p=2.4e-15), ATM (r= -0.0056, p=0.9), ATR (r= -0.1, p=0.015), CDK1 (r= -0.45, p=5.5e-29), PMS2 (r= -0.12, p=0.0059), MLH1 (r= 0.37, p=1.3e-18), MSH2 (r= -0.33, p=2.2e-15), and MDH6 (r= -0.31, p=1.6e-13).  (B, D) In lung squamous carcinoma (LUSC), ACAA1 is correlated with BRCA1 (r= -0.25 p=4.4e-9), ATM(r= 0.12, p=0.0058), ATR (r= -0.0024, p=0.96), CDK1 (r= -0.36, p=7e-18), PMS2 (r= -0.2, p=3e-6), MLH1 (r= 0.4, p=1.5e-21), MSH2 (r= -0.23, p=4.4e-8), and MDH6 (r= -0.26, p=7.7e-11).   ACAA1 Expression Is Positively Correlated With CD4 + Cell Infiltration Next, we investigated whether ACAA1 expression was correlated to infiltration of immune cell in the tumor microenvironment, including B cells, CD8 + and CD4 + T cells, macrophages, neutrophils, and dendritic cells (  Figure 3A). We found that CD4 + T cells were positively correlated to ACAA1 expression in LUAD and LUSC, a correlation which showed statistical significance (r=0.2, p=9.44e-06, and r=0.318, p=1.36e-12 in LUAD and LUSC, respectively). Based on this, we propose that LUAD and LUSC harboring KRAS mutation probably recruit less CD4 + T cells by suppressing ACAA1 expression, providing tumors with an immunosuppressive microenvironment. The insufficient number of CD4 + T cells in the tumor microenvironment might be due to the decrease of either T cell infiltration or polarization of CD4 + cells.  Figure 3   (A) ACAA1 is positively correlated with CD4 + T cell in lung adenocarcinoma (LUAD) and lung squamous cancer (LUSC) with statistical significance (r=0.2, p=9.44e-06 in LUAD; and r=0.318, p=1.36e-12 in LUSC).  (B). Copy number variation of ACAA1 negatively correlates with CD4 + cells both in LUAD and in LUSC. *p < 0.05, **p < 0.01, ***p < 0.001.  The TIMER database also provides a comparison of tumor infiltration levels among tumors with different somatic copy number alterations for a given gene. We confirmed that ACAA1 functionally recruited the immune cells using this feature of the database. As shown in   Figure 3B, copy number variation of ACAA1 was negatively correlated to CD4 + cells both in LUAD and in LUSC. Although we do not know whether copy number alternation of ACAA1 leads to its gain or loss of function, this result partially demonstrates that ACAA1 influences immune cells infiltration in a direct or indirect manner. Taken together, the two above results show that ACAA1 was positively correlated to T cell polarization. Reduced expression of ACAA1 in the tumor cells also indicates lower level of mature T cells in tumor stroma.  ACAA1 Is Positively Correlated With Th1, Th2, and Treg Cells in the Tumor Microenvironment of Lung Cancer Further, we analyzed whether ACAA1 expression was closely related to Th1, Th2, Th17, and Treg cells by examining the expression of biomarkers from these cells. Functionally, Th1 cells facilitate differentiation of CD8 + cells to toxic T cells. Th2 and Th17 cells are instead negative regulators of Th1 cells. Treg cells have dual function in cancer immunology ( 18). These cells enable immunosuppressive cancer phenotypes by inhibiting T cell proliferation ( 19). FOXP3 + Treg is thought to promote tumor growth and metastasis by inhibiting anti-tumor immunity, and Treg accumulation in cancer is usually related to poor prognosis ( 20). We found that ACAA1 expression was positively correlated with TBX2, STAT4, and TNF-α, but negatively correlated with STAT1 and IFNG in LUAD, with similar expression correlation in LUSC (  Figure 4A). As TBX2 is the main marker of Th1 cells, these results indicate a positive relationship between ACAA1 and Th1 cell infiltration in the tumor stroma. Among the Th2 cell markers (  Figure 4B), in LUAD, ACAA1 was positively correlated to STAT6, while in LUSC, it was correlated with all Th2 cell markers, including GATA3, STAT6, STAT5A, and IL-13. STAT6 promotes naïve T cell differentiation to Th2 cells. Thus, a decrease in STAT6 in the tumor stroma results in decreased Th2 cells. ACAA1 expression levels also positively correlated with Treg cell markers (  Figure 4C), with the best correlation in TGFB1, the major cytokine promoting T cell differentiation to Treg cells. Reduction of TGFB1 inhibits Treg cells in the tumor microenvironment. However, we found no significant correlation of ACAA1 to Th17 cells (  Supplementary Figure 1B).  Figure 4  ACAA1 expression levels also positively correlate with  (A) Th1 cell markers  (B) Th2 cell markers  (C) Treg cell markers  (D). ACAA1 is a biomarker of T cell exhaustion in lung squamous cancer (LUSC).   ACAA1 Is a Biomarker of T Cell Exhaustion in LUSC The results presented above indicate that CD4 + T cell infiltration correlated with ACAA1, and most subsets of CD4 + cells were reduced in the tumor stroma. Subsequently, we analyzed the biomarkers indicating T cell exhaustion, to clarify the relationship between ACAA1 and this dysfunction state. We plotted the correlation of ACAA1 expression and stromal biomarkers of T cell exhaustion, including PD-1 (PDCD1), CTLA4, LAG3, HAVCR2, and GZMB. Expression of ACAA1 correlated positively with HAVCR2 and GZMB, and negatively with LAG3, showing statistical significance in LUAD (  Figure 4D). In LUSC, ACAA1 expression was positively correlated to that of PD-1(PDCD1), CTLA4, LAG3, HAVCR2, and GZMB, with statistical significance. PDCD1 is an important biomarker of T cell exhaustion ( 21). Up-regulated PD-1 on T cells inhibits T cell differentiation to effector T cells and promotes T cell apoptosis. A previous study showed that oncogenic KRAS increases tumor PD-L1 expression and promotes CD8 + cells infiltration to the tumor stroma ( 22). In our study, we did not observe that KRAS mutation increased PD-L1 expression (  Supplementary Figure 1C), nor a solid correlation of ACAA1 with PD-L1 expression in cancer cells using GEPIA (TCGA datasets) (  Supplementary Figure 1D). More studies are needed to confirm their co-expression pattern. Nevertheless, ACAA1 seems to have different roles in LUSC and LUAD. In fact, in LUAD, ACAA1 did not show a consistent co-expression pattern with T cell exhaustion markers.  ACAA1 Is a Predictive Factor of Survival in a Wide Range of Cancer Types ACAA1 was associated with immune cells infiltration and T cell polarization. Lastly, we investigated whether ACAA1 was a predictive factor of OS (  Figure 5A–M) and PFS (  Supplementary Figures 2 and   3). To this aim, we searched the survival data on Kaplan-Meier Plotter Database, which automatically generated the survival plots. ACAA1 significantly correlated with 13 out of 20 types of cancer, including bladder cancer, breast cancer, head-neck cancer, kidney renal cancer, kidney papillary cancer, liver cancer (hepatocyte carcinoma), lung cancer (lung adenocarcinoma), pheochromocytoma and paraganglioma, sarcoma, thymoma, thyroid carcinoma, uterine corpus endometrial carcinoma, and rectum adenocarcinoma. Cancers with higher ACAA1 expression level displayed higher overall survival, while those with reduced ACAA1 expression had worst outcomes. Collectively, these findings suggest that ACAA1 acts as a tumor suppressor in many types of cancers, possibly by altering the nutrient configuration and immune suppression.  Figure 5  ACAA1 is a predictive factor for survival in a wide range of cancer types.  (A) Bladder cancer.  (B) Breast cancer.  (C) Head-neck cancer.  (D) Kidney renal cancer.  (E) Kidney papillary cancer.  (F) Liver cancer.  (G) Lung cancer.  (H) Pheochromocytoma and Paraganglioma.  (I) Sarcoma  (J) Thymoma.  (K)Thyroid carcinoma.  (L) Uterine corpus endometrial carcinoma.  (M) Rectum adenocarcinoma.   Discussion Recent studies indicated that NSCLC harboring KRAS mutation show higher clinical response rate to and efficacy of PD-1/PD-L1 blockade ( 22,  23). However, the potential underlying mechanisms are still obscure. Our study suggests that oncogenic KRAS suppresses ACAA1 expression through MAPK signaling pathway. We found that ACAA1 positively correlates with CD4 + cell infiltration and T cell exhaustion. Moreover, reduced ACAA1 expression is associated with lower overall survival in various types of cancer, indicating that ACAA1 acts as a tumor suppressor in a wide range of malignancies. Oncogenic KRAS enhances immune checkpoint inhibitor efficacy by providing an inflammatory tumor microenvironment ( 24). Additionally, oncogenic KRAS also increases tumor PD-L1 expression and promotes CD8 + cells infiltration into the tumor stroma ( 22). Moreover, NSCLC harboring KRAS mutation present a higher tumor mutation burden, leading to tumor immunogenicity. Here, we found that ACAA1 was positively correlated with CD4 + cell infiltration. Copy number variation of ACAA1 also pointed to lower abundance of CD4 + in the tumor microenvironment. Although the impact of ACAA1 mutation on cancer has not been thoroughly investigated yet, these results partially demonstrate that ACAA1 functionally recruits immune cells to the tumor microenvironment. The mean TMB and the proportion of patients with a TMB >10 or >20 mut/Mb is significantly higher for KRAS-mutated patients (10.3 mut/Mb) than for EGFR, ALK, ROS1 or MET exon 14-mutated patients (3.1 to 6.2 mut/Mb) ( 25). The higher mutation burden of KRAS mutant lung cancer may be due to the higher proportion of smokers among the patients presenting this type of cancer ( 26). However, whether the occurring KRAS mutation simply coincides with other genetic mutations or is the direct cause of the downstream DNA instability remains unknown. One potential mechanism by which oncogenic KRAS could regulate tumor mutation burden is  via promoting fatty acid accumulation in tumor cells ( 27). A former study showed that oncogenic KRAS induces fatty acid synthase (FASN) to enhance lipogenesis with a specific lipid signature in lung adenocarcinoma ( 28). KRAS also activates ERK2 protein by upregulating ERK1. Consistently, FASN inhibition blocks cellular proliferation of KRAS-driven lung cancer cells. Importantly, saturated fatty acids play a negative role in DDR by compromising the induction of p21 and Bax expression in response to double-strand breaks and ssDNA. Moreover, saturated fatty acids appear to regulate p21 and Bax expression  via Atr-p53-dependent and -independent pathways ( 28). ACAA1 transfers acetyl-CoA to fatty acids and provides substrates to the TCA cycle. Therefore, downregulated ACAA1 expression may result in accumulation of fatty acids in cancer cells, consequently leading to DNA instability. Nonetheless, how ACAA1 mediates immune cell infiltration, as well as whether this phenomenon is causally related to ACAA1 expression or just coincidental, was still unknown. If there were a causal relationship, an appropriate explanation to it would be that metabolic shifts in tumor cells might alter the nutrient configuration in tumor stroma. Tumor cells and immune cells interact with each other through microenvironmental nutrient competition ( 29– 31). Cancer cells utilize glycolysis as their predominant energy source, a biological phenomenon called “Warburg effect”. Nutrient competition between cancer cells and immune cells extends the function of Warburg effect to a cell-extrinsic advantage. Warburg effect promotes depletion of extracellular glucose in the tumor microenvironment, which renders tumor-infiltrating T cells dysfunctional. Glucose in the tumor stroma is reduced due to the increased glycolysis within tumor cells, which restricts glucose availability to T cells and leads to their dysfunction ( 32). Tumor cells produce and secrete lactic acid into the tumor microenvironment. In addition to glucose metabolism, amino acid and fatty acid metabolism also change in tumor cells. Importantly, all these metabolites affect T cell polarization. Oxidative phosphorylation (OXPHOS) and fatty acid oxidation (FAO) fuel Treg cells. Memory T cells rely on FAO, while activated Tregs primarily depend on glycolysis and fatty acid synthesis. Nutrient availability in the tumor microenvironment favors different subtypes of T cells ( 33). ACAA1 was recently also implicated in regulating infiltration of T cell subtypes in the tumor stroma. Yang and colleagues reported that the anti-tumor response of mouse CD8 + T cells can be potentiated by modulating cholesterol metabolism. They found that, in mice, inhibition of acetyl-CoA acetyltransferase 1 (Acat1) in CD8 + T cells restores their antitumor effect and reduces cancer progression and metastasis ( 34). Following CD8 + T cell activation, the mRNA levels of a subset of genes involved in cholesterol biosynthesis and transport pathways are upregulated, while genes implicated in the cholesterol efflux pathway are downregulated. Acat1 (ACAA1 in our study) mRNA levels are significantly upregulated at early time points, when CD8 + cells are activated. Moreover, inhibitors targeting Acat1 could restore CD8 + cell function, and a combination of PD-1/PD-L1 antibody and Acat1 inhibitor demonstrated greater efficacy than the single agents. Interestingly, Patsoukis and colleagues showed that PD-1 preserves effector T-cell function by inhibiting glycolysis and promoting fatty acid oxidation in CD4 + T cells through carnitine palmitoyltransferase I (CPT1A) ( 35). Besides predicting the efficacy of PD-1/PD-L1 inhibition, Zhang et al. reported that the ACAA1 expression level was negatively correlated to several inhibitors, including Scr inhibitor (AZD0530), MEK1/2 inhibitor (AZD6244), EGFR inhibitor (Erlotinib), HER inhibitor (Lapatinib), and VEGFR2/3 inhibitor (ZD-6474) ( 36). Their findings reaffirmed the important role of ACAA1in predicting therapeutic efficacy. More studies are needed to demonstrate nutrient competition between tumor cells and immune cells.  In vitro metabolic analysis can improve our understanding of the metabolic phenotypes specific of tumor cells and immune cells, and how they interact with each other. However, the information provided by  in vitro studies may not be generalizable  in vivo. The metabolic phenotype of nutrient competition relies on the supply of related fuels, such as glucose, amino acids, and fatty acids, which are certainly present at lower concentrations  in vivo than in laboratory culture conditions. The consequence of the limited supply of these fuels in a discrete immune microenvironment in the body is likely a change in metabolic as well as nutrition-sensitive signaling pathways that affect the fate and function of immune cells. The lack of research tools for measuring nutrient distribution at the single-cell level also severely hinders our understanding of when and where nutrients are available in the body. Therefore, elucidating how nutrient supply affects immune cell metabolism and tumor-stroma interactions remains a major challenge in the field of immune metabolism. The function of ACAA1 is to provide substrates entering the TCA cycle to fuel the cell. Suppression of ACAA1 might therefore lead to reduced activity of this cycle. The TCA cycle is a series of critical reaction used by all aerobic organisms. The main metabolic shift in solid tumors known as Warburg effect refers to the preferable use of glycolysis in cancer cells to gain fuel, instead of the more effective pathway of oxidative phosphorylation ( 37). By generating and secreting lactate into the tumor microenvironment, tumor cells provide acidic and hypoxic conditions to the tumor stroma and increase the nutritional pressure on effector T cells ( 38). Consequently, metabolites from tumor cells accumulate in the tumor microenvironment and lead to T cell metabolic switch, resulting in T cell dysfunction and exhaustion ( 39).  Conclusion Here, we showed that decreased ACAA1 expression correlates with poor prognosis and decreased immune infiltration of CD4 + T cells in LUAD and LUSC, and predicts T cell exhaustion in LUSC. As ACAA1 catalyzes fatty acid entry into the TCA cycle, we speculate that this phenotype could be due to nutrient competition between cancer cells and immune infiltrates. Nevertheless, clinical cohort is inevitable in validation the predictive power of this marker and the exact mechanism warrants further investigation.  Data Availability Statement The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/  Supplementary Material.  Author Contributions  WS provided the general idea. HF did the analysis and wrote the manuscript. All authors contributed to the article and approved the submitted version.  Funding The study was kindly granted by Sanming Project of Medicine in Shenzhen (No. SZSM201612023).  Conflict of Interest The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.   Acknowledgments We would like to thank Dr. Chihan Li from the Chinese University of Hong Kong for his helpful suggestions.  Supplementary Material The Supplementary Material for this article can be found online at:  https://www.frontiersin.org/articles/10.3389/fonc.2020.564796/full#supplementary-material  Supplementary Figure 1   (A) KRAS G13D by knockdown efficiency by siRNA using q-PCR.  (B) No significant correlation of ACAA1 to Th17 cells in LUAD and LUSC.  (C) KRAS mutation did not increase PD-L1 expression.  (D) No solid correlation of ACAA1 with PD-L1 expression in cancer cells using GEPIA database analysis.  Supplementary Figure 2  ACAA1 was not a predictive factor of PFS.  (A) Bladder Carcinoma  (B) Breast cancer  (C) Cervical squamous cell carcinoma  (D) Esophageal Adenocarcinoma  (E) Esophageal Squamous Cell Carcinoma  (F). Head-neck squamous cell carcinoma  (G) Kidney renal clear cell carcinoma  (H). Kidney renal papillary cell carcinoma  (I). Liver hepatocellular carcinoma  (J) Lung adenocarcinoma.  Supplementary Figure 3  ACAA1 was not a predictive factor of PFS.  (A) Lung squamous cell carcinoma  (B). Ovarian cancer  (C) Pancreatic ductal adenocarcinoma.  (D) Pheochromocytoma and Paraganglioma.  (E) Rectum adenocarcinoma  (F). Sarcoma  (G) Stomach adenocarcinoma  (H)Testicular Germ Cell Tumor  (I).Thyroid carcinoma  (J) Uterine corpus endometrial carcinoma.  Supplementary Figure 4  ACAA1 was not a predictive factor of OS in the following types of cancers.  (A) Cervical squamous cell carcinoma  (B) Esophageal Adenocarcinoma  (C) Esophageal Squamous Cell Carcinoma  (D) Ovarian cancer  (E). Pancreatic ductal adenocarcinoma  (F) Stomach adenocarcinoma  (G) Testicular Germ Cell Tumor.  References  1    Siegel  RL  Miller  KD  Jemal  A.  Cancer statistics, 2019.  CA: Cancer J Clin ( 2019)  69( 1): 7– 34. doi:  10.3322/caac.21551  2    Ding  L  Getz  G  Wheeler  DA  Mardis  ER  McLellan  MD  Cibulskis  K .  Somatic mutations affect key pathways in lung adenocarcinoma.  Nature ( 2008)  455( 7216): 1069–75. doi:  10.1038/nature07423  3    Dias Carvalho  P  Guimaraes  CF  Cardoso  AP  Mendonca  S  Costa  AM  Oliveira  MJ .  KRAS Oncogenic Signaling Extends beyond Cancer Cells to Orchestrate the Microenvironment.  Cancer Res ( 2018)  78( 1): 7– 14. doi:  10.1158/0008-5472.can-17-2084  4    Zdanov  S  Mandapathil  M  Abu Eid  R  Adamson-Fadeyi  S  Wilson  W  Qian  J .  Mutant KRAS Conversion of Conventional T Cells into Regulatory T Cells.  Cancer Immunol Res ( 2016)  4( 4): 354–65. doi:  10.1158/2326-6066.cir-15-0241  5    Tran  E  Robbins  PF  Lu  Y-C  Prickett  TD  Gartner  JJ  Jia  L .  T-Cell Transfer Therapy Targeting Mutant KRAS in Cancer.  New Engl J Med ( 2016)  375( 23): 2255–62. doi:  10.1056/NEJMoa1609279  6    Hieronymus  H  Murali  R  Tin  A  Yadav  K  Abida  W  Moller  H .  Tumor copy number alteration burden is a pan-cancer prognostic factor associated with recurrence and death.  eLife ( 2018)  7: e37294. doi:  10.7554/eLife.37294  7    Cao  D  Xu  H  Xu  X  Guo  T  Ge  W.  High tumor mutation burden predicts better efficacy of immunotherapy: a pooled analysis of 103078 cancer patients.  Oncoimmunology ( 2019)  8( 9): e1629258. doi:  10.1080/2162402x.2019.1629258  8    Stutvoet  TS  Kol  A  de Vries  EG  de Bruyn  M  Fehrmann  RS  Terwisscha van Scheltinga  AG .  MAPK pathway activity plays a key role in PD-L1 expression of lung adenocarcinoma cells.  J Pathol ( 2019)  249( 1): 52– 64. doi:  10.1002/path.5280  9    Bedognetti  D  Roelands  J  Decock  J  Wang  E  Hendrickx  W.  The MAPK hypothesis: immune-regulatory effects of MAPK-pathway genetic dysregulations and implications for breast cancer immunotherapy.  Emerg Topics Life Sci ( 2017)  1( 5): 429–45. doi:  10.1042/etls20170142  10    Ebert  PJR  Cheung  J  Yang  Y  McNamara  E  Hong  R  Moskalenko  M .  MAP Kinase Inhibition Promotes T Cell and Anti-tumor Activity in Combination with PD-L1 Checkpoint Blockade.  Immunity ( 2016)  44( 3): 609–21. doi:  10.1016/j.immuni.2016.01.024  11    Kumar  A  Shiloach  J  Betenbaugh  MJ  Gallagher  EJ.  The beta-3 adrenergic agonist (CL-316,243) restores the expression of down-regulated fatty acid oxidation genes in type 2 diabetic mice.  Nutr Metab (Lond) ( 2015)  12: 8–. doi:  10.1186/s12986-015-0003-8  12    Nwosu  ZC  Battello  N  Rothley  M  Pioronska  W  Sitek  B  Ebert  MP .  Liver cancer cell lines distinctly mimic the metabolic gene expression pattern of the corresponding human tumours.  J Exp Clin Cancer Res CR ( 2018)  37( 1): 211. doi:  10.1186/s13046-018-0872-6  13    Li  T  Fan  J  Wang  B  Traugh  N  Chen  Q  Liu  JS .  TIMER: A Web Server for Comprehensive Analysis of Tumor-Infiltrating Immune Cells.  Cancer Res ( 2017)  77( 21): e108–e10. doi:  10.1158/0008-5472.can-17-0307  14    Pan  JH  Zhou  H  Cooper  L  Huang  JL  Zhu  SB  Zhao  XX .  LAYN Is a Prognostic Biomarker and Correlated With Immune Infiltrates in Gastric and Colon Cancers.  Front Immunol ( 2019)  10: 6: 6. doi:  10.3389/fimmu.2019.00006  15    Tang  Z  Li  C  Kang  B  Gao  G  Zhang  Z.  GEPIA: a web server for cancer and normal gene expression profiling and interactive analyses.  Nucleic Acids Res ( 2017)  45( W1): W98– W102. doi:  10.1093/nar/gkx247  16    Saito  S  Espinoza-Mercado  F  Liu  H  Sata  N  Cui  X  Soukiasian  HJ.  Current status of research and treatment for non-small cell lung cancer in never-smoking females.  Cancer Biol Ther ( 2017)  18( 6): 359–68. doi:  10.1080/15384047.2017.1323580  17    Goodman  AM  Kato  S  Bazhenova  L  Patel  SP  Frampton  GM  Miller  V .  Tumor Mutational Burden as an Independent Predictor of Response to Immunotherapy in Diverse Cancers.  Mol Cancer Ther ( 2017)  16( 11): 2598–608. doi:  10.1158/1535-7163.mct-17-0386  18    Dobrzanski  M.  Expanding Roles for CD4 T Cells and Their Subpopulations in Tumor Immunity and Therapy.  Front Oncol ( 2013)  3( 63): 26–63. doi:  10.3389/fonc.2013.00063  19    Woo  EY  Yeh  H  Chu  CS  Schlienger  K  Carroll  RG  Riley  JL .  Cutting edge: Regulatory T cells from lung cancer patients directly inhibit autologous T cell proliferation.  J Immunol (Baltimore Md 1950) ( 2002)  168( 9): 4272–6. doi:  10.4049/jimmunol.168.9.4272  20    Akimova  T  Zhang  T  Negorev  D  Singhal  S  Stadanlick  J  Rao  A .  Human lung tumor FOXP3+ Tregs upregulate four “Treg-locking” transcription factors.  JCI Insight ( 2017)  2( 16): e94075. doi:  10.1172/jci.insight.94075  21    Wherry  EJ  Kurachi  M.  Molecular and cellular insights into T cell exhaustion.  Nat Rev Immunol ( 2015)  15( 8): 486–99. doi:  10.1038/nri3862  22    Liu  C  Zheng  S  Jin  R  Wang  X  Wang  F  Zang  R .  The superior efficacy of anti-PD-1/PD-L1 immunotherapy in KRAS-mutant non-small cell lung cancer that correlates with an inflammatory phenotype and increased immunogenicity.  Cancer Lett ( 2020)  470: 95– 105. doi:  10.1016/j.canlet.2019.10.027  23    Passiglia  F  Cappuzzo  F  Alabiso  O  Bettini  AC  Bidoli  P  Chiari  R .  Efficacy of nivolumab in pre-treated non-small-cell lung cancer patients harbouring KRAS mutations.  Br J Cancer ( 2019)  120( 1): 57– 62. doi:  10.1038/s41416-018-0234-3  24    Dias Carvalho  P  Machado  AL  Martins  F  Seruca  R  Velho  S.  Targeting the Tumor Microenvironment: An Unexplored Strategy for Mutant KRAS Tumors.  Cancers ( 2019)  11( 12). doi:  10.3390/cancers11122010  25    Berland  L  Heeke  S  Humbert  O  Macocco  A  Long-Mira  E  Lassalle  S .  Current views on tumor mutational burden in patients with non-small cell lung cancer treated by immune checkpoint inhibitors.  J Thorac Dis ( 2019)  11( Suppl 1): S71–80. doi:  10.21037/jtd.2018.11.102  26    Galuppini  F  Dal Pozzo  CA  Deckert  J  Loupakis  F  Fassan  M  Baffa  R.  Tumor mutation burden: from comprehensive mutational screening to the clinic.  Cancer Cell Int ( 2019)  19( 1): 209. doi:  10.1186/s12935-019-0929-4  27    Zeng  L  Wu  G-Z  Goh  KJ  Lee  YM  Ng  CC  You  AB .  Saturated fatty acids modulate cell response to DNA damage: implication for their role in tumorigenesis.  PloS One ( 2008)  3( 6): e2329–e. doi:  10.1371/journal.pone.0002329  28    Gouw  AM  Eberlin  LS  Margulis  K  Sullivan  DK  Toal  GG  Tong  L .  Oncogene KRAS activates fatty acid synthase, resulting in specific ERK and lipid signatures associated with lung adenocarcinoma.  Proc Natl Acad Sci U States America ( 2017)  114( 17): 4300–5. doi:  10.1073/pnas.1617709114  29    Gupta  S  Roy  A  Dwarakanath  BS.  Metabolic Cooperation and Competition in the Tumor Microenvironment: Implications for Therapy.  Front Oncol ( 2017)  7: 68. doi:  10.3389/fonc.2017.00068  30    Chang  C-H  Qiu  J  O’Sullivan  D  Michael D  B  Noguchi  T  Curtis Jonathan  D .  Metabolic Competition in the Tumor Microenvironment Is a Driver of Cancer Progression.  Cell ( 2015)  162( 6): 1229–41. doi:  10.1016/j.cell.2015.08.016  31    Lyssiotis  CA  Kimmelman  AC.  Metabolic Interactions in the Tumor Microenvironment.  Trends Cell Biol ( 2017)  27( 11): 863–75. doi:  10.1016/j.tcb.2017.06.003  32    Sukumar  M  Roychoudhuri  R  Restifo Nicholas  P.  Nutrient Competition: A New Axis of Tumor Immunosuppression.  Cell ( 2015)  162( 6): 1206–8. doi:  10.1016/j.cell.2015.08.064  33    Yin  Z  Bai  L  Li  W  Zeng  T  Tian  H  Cui  J.  Targeting T cell metabolism in the tumor microenvironment: an anti-cancer therapeutic strategy.  J Exp Clin Cancer Res ( 2019)  38( 1): 403. doi:  10.1186/s13046-019-1409-3  34    Yang  W  Bai  Y  Xiong  Y  Zhang  J  Chen  S  Zheng  X .  Potentiating the antitumour response of CD8(+) T cells by modulating cholesterol metabolism.  Nature ( 2016)  531( 7596): 651–5. doi:  10.1038/nature17412  35    Patsoukis  N  Bardhan  K  Chatterjee  P  Sari  D  Liu  B  Bell  LN .  PD-1 alters T-cell metabolic reprogramming by inhibiting glycolysis and promoting lipolysis and fatty acid oxidation.  Nat Commun ( 2015)  6: 6692–. doi:  10.1038/ncomms7692  36    Zhang  X  Yang  H  Zhang  J  Gao  F  Dai  L.  HSD17B4, ACAA1, and PXMP4 in Peroxisome Pathway Are Down-Regulated and Have Clinical Significance in Non-small Cell Lung Cancer.  Front Genet ( 2020)  11: 273. doi:  10.3389/fgene.2020.00273  37    Alfarouk  KO  Verduzco  D  Rauch  C  Muddathir  AK  Adil  HHB  Elhassan  GO .  Glycolysis, tumor metabolism, cancer growth and dissemination. A new pH-based etiopathogenic perspective and therapeutic approach to an old cancer question.  Oncoscience ( 2014)  1( 12): 777– 802. doi:  10.18632/oncoscience.109  38    Kouidhi  S  Elgaaied  AB  Chouaib  S.  Impact of Metabolism on T-Cell Differentiation and Function and Cross Talk with Tumor Microenvironment.  Front Immunol ( 2017)  8: 270. doi:  10.3389/fimmu.2017.00270  39    Kouidhi  S  Ben Ayed  F  Benammar Elgaaied  A.  Targeting Tumor Metabolism: A New Challenge to Improve Immunotherapy.  Front Immunol ( 2018)  9: 353. doi:  10.3389/fimmu.2018.00353
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Non-small cell lung cancer (NSCLC) is the predominant subtype of lung cancers. KRAS
mutation is the second most prevalent mutation in NSCLC. KRAS mutant cancer cells
suppress the anti-tumor T cell response. However, the underlying mechanism is still
unknown. Here, we analyzed the differential expression of acetyl-CoA acyltransferase 1
(ACAA1) in various types of cancers using the TIMER database and validated the results in
the NSCLC cell line H1944. We silenced oncogenic KRAS by siRNA targeting KRASG13D,
and employed an MAPK signaling pathway inhibitor to clarify the possible regulatory
pathway. Moreover, we analyzed the correlation of ACAA1 expression level with B cells,
CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells. Correlations
between expression of ACAA1 and several biomarkers of mutation burden were also
tested. Finally, we evaluated the prognostic value of ACAA1 in a wide range of cancers
using the Kaplan-Meier Plotter Database. We found lower expression of ACAA1 in tumor
tissue than in adjacent normal tissue in various cancers. This result was confirmed using a
GEO dataset. Knock-down of mutant KRAS resulted in increased ACAA1 mRNA level in
H1944 cells. ACAA1 mRNA level was significantly upregulated in H1944 after treatment
with MAPK pathway inhibitor sorafenib, indicating that oncogenic KRAS may
downregulate ACAA1 through MAPK signaling. ACAA1 was negatively correlated with
biomarkers of tumor mutation burden, including BRCA1, ATM, ATR, CDK1, PMS2,
MSH2, and MDH6. Conversely, ACAA1 expression was positively correlated with
infiltrating CD4+ cells and with Th1, Th2, Treg cells in the lung tumor microenvironment.
Finally, we showed that ACAA1 is a predictive factor for survival in several cancer types. In
summary, decreased ACAA1 expression is correlated with poor prognosis and decreases
immune infiltration of CD4+ T cells in LUAD and LUSC. ACAA1 also predicts T cell
exhaustion in LUSC. The mechanism underlying KRAS/ACAA1 axis-mediated regulation
of immune cell infiltration requires further investigation.


Keywords: non-small cell lung cancer, KRAS mutation, immune cell infiltration, immune checkpoint blockade,
tumor metabolites
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INTRODUCTION


Lung cancer is the second leading malignancy for new cases and
the first for mortality among all types of malignancies (1). Non-
small cell lung cancer (NSCLC), which included lung
adenocarcinoma (LUAD) and lung squamous cancer (LUSC),
is the predominant subtype of lung cancer. KRAS mutation is the
second prevalent mutation in NSCLC (2). Cancer cells with
KRAS mutations can avoid being attacked by the immune
system, facilitating immune evasion or immunosuppression
phenotypes of the tumor. Immunosuppression is a basic
requirement for transforming cell survival and cancer
development. There are several potential mechanisms by which
KRAS mutant cancer cells may suppress the anti-tumor T cell
response. Among these, the ability of KRAS mutant cells to
convert CD4+ Th cells into functional Tregs is crucial to inhibit
T cell activation and promote a tolerogenic microenvironment
(3). Another mechanism includes secretion of suppressive cytokines
IL10 and TGFb1 through MAPK signaling pathway (4), leading
to T cell dysfunction. However, the precise mechanisms by
which oncogenic KRAS induces immunosuppressive tumor
microenvironment remain elusive.


By increasing the mutation burden of tumor cells, oncogenic
KRAS also induces the production of a large number of
neoantigens that may be recognized by CD8+ and CD4+


T cells. Specific anti-tumor T lymphocyte response can be
induced after transferring KRAS mutant epitopes to adaptive
T cells previously attacked (5). Tumor mutation burden is a
prognostic factor for survival in a wide range of cancers (6), as
well as a predictive factor for efficacy of PD-1/PD-L1 blockade
immunotherapy (7).


MAPK signaling pathway is a key regulator of PD-L1
expression in lung adenocarcinoma (8). Activation of the
MAPK pathway increases the expression of PD-L1 at both the
mRNA and protein level, while repression of this pathway down-
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regulates PD-L1. Similar results were also observed in breast
cancer. A preclinical study showed that combination of MAPK
and PD-1 inhibitors leads to better efficacy in various types of
cancers (9). Tumor cell and immune cell interaction is also
regulated by MAPK pathway. In fact, MEK inhibition increases
CD8+ T cell infiltration within the tumor, while combination of
MEK and PD-1 inhibitors synergistically promotes tumor
regression (10).


We noted that oncogenic KRAS suppresses the expression of
acetyl-CoA acyltransferase 1 (ACAA1) via the MAPK signaling
pathway. ACAA1 is an enzyme involved in lipid b-oxidation and
provides substrates to the tricarboxylic acid (TCA) cycle, a
critical step in cellular metabolism. ACAA1 is also a biomarker
in type 2 diabetes (T2D), predicting the pre-diabetic metabolic
signature in mouse models (11). Nwosu et al. observed that up-
regulated activity of MAPK/RAS/NFkB signaling in liver cancer
was associated with poor survival and identified 148 down-
regulated metabolic genes regulated by the MAPK signaling
pathway. These differential genes, including ACAA1, were
enriched in fatty acid b-oxidation. Metabolomic studies also
showed a high dependence of the tumor cells on glutamine to
promote the TCA cycle (12).


Based on these scientific findings, we were motivated to
analyze the potential role of ACAA1 in KRAS-mutant NSCLC
and elucidate the corre lat ion of ACAA1 with the
immunosuppressive phenotype in the tumor microenvironment.

MATERIALS AND METHODS


TIMER Database Analysis
TIMER is a comprehensive resource for systematic analysis of
immune infiltrates across diverse cancer types (https://cistrome.
shinyapps.io/timer/) (13). TIMER applies a deconvolution with a
previously published statistical method to infer the abundance of
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tumor-infiltrating immune cells (TIICs) from gene expression
profiles. The TIMER database includes 10,897 samples across 32
cancer types from The Cancer Genome Atlas (TCGA) to
estimate the abundance of immune infiltrates. First, we
analyzed differential expression of ACAA1 in pan cancer. We
aimed to exclude confounding factors, such as ACAA1
expression in tumor stromal cells or immune cells. We
excluded the cancer types that had no statistical significance
and employed those showing statistical significance for
downstream analysis. Second, we analyzed the correlation of
ACAA1 expression with the abundance of immune infiltrating
cells, including B cells, CD4+ T cells, CD8+ T cells, neutrophils,
macrophages, and dendritic cells. Third, correlations between
ACAA1 expression and markers of different T cell subsets,
including Th1 cells (TBX21, STAT4, STAT1, IFN-g, TNF-a),
Th2 cells (GATA3, STAT6, STAT5A, IL13), Th17 cells (STAT3,
IL17A), and Treg cells (FOXP3, CCR8, STST5B, TGFB1). T cell
exhaustion markers, including PDCD1, CTLA4, LAG3, TIM-3,
GZMB, were also analyzed (14). The correlation module
generated the expression scatter plots between a pair of user-
defined genes in given cancer types, together with the estimated
statistical significance. ACAA1 was used for the x-axis with gene
symbols; related marker genes are represented on the y-axis as
gene symbols. The gene expression level was displayed with log2
RSEM. P value Spearman’s correlation coefficient was calculated
automatically by the server.


GEPIA Database Analysis
To verify the relationship between KRAS and ACAA1, we
searched the expression correlation in GEPIA (15), an
interactive web that includes 9,736 tumors and 8,587 normal
samples from TCGA and the GTEx projects, which analyzes
RNA expression. Gene expression correlation analysis was
performed for given sets of TCGA expression data. We
analyzed the expression pattern of ACAA1 and KRAS to
identify the co-expression of several biomarkers indicating
tumor mutation burden, including BRCA1, ATM, ATR,
CDK1, PMS2, MLH1, MSH2, and MDH6. The Spearman
method was used to determine the correlation coefficient.


Cell Line and siRNA Transfection
Lung adenocarcinoma cell line H1944 was used to determine the
regulation of ACAA1 expression. H1944 cells harbor KRAS
mutation G13D. SiRNAs targeting KRASG13D (5’ GGAGG
GCUUUCUUUGUGUA 3 ’ , 5 ’ UCAAAGACAAAGU
GUGUAA 3’), were transfected into H1944 cells using
Lipofectamine 3000. One day before transfection, 25,000 cells
were seeded in 24-well plates. On the day of transfection, 40 nM
siRNA was diluted into 25 µl of Opti-mem, while 0.75 µl of
lipofectamine was diluted in a final volume of 25 µl of Opti-mem.
SiRNA and lipofectamine were mixed and allowed to react at
room temperature for 10 min. After replacing complete medium
with Opti-mem in each well, the total 50 µl siRNA-lipo complex
was added to the wells. Twelve hours after transfection, Opti-
mem medium was replaced with complete medium. Forty-eight
hours after transfection, the cells were harvested, and total RNA
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and total proteins were extracted and used for the
relevant experiments.


MAPK Pathway Inhibition
To identify upstream regulatory pathways of ACAA1, H1944
cells were treated with the MAPK-ERK pathway inhibitor
sorafenib. One day before treatment, 500,000 cells were seeded
in 6-well plates. On the day of treatment, 5 µM or 10 µM of
pathway inhibitor were added to the wells. The cells were
collected at different timepoints (6, 12, 24, and 48 h) after
treatment, and total RNA and protein were extracted using
Trizol or NP40 cell lysis buffer. Subsequently, the RNA was
used for q-PCR analysis.


Kaplan-Meier Plotter Database Analysis
Kaplan-Meier plotter analyzes the correlation of RNA-seq data
in over 20 cancer types with overall survival (OS) and
progression-free survival (PFS) in 7,489 patients (https://
kmplot.com/analysis/index.php?p=service&cancer=pancancer_
rnaseq). The database is an online server indicating prognostic
biomarkers in pan cancer. We searched the target gene ACAA1
in the server to identify in which types of cancer ACAA1
potentially shows prognostic value. The gene expression level
cutoff was defined as 50% of RFKM, above which the expression
was defined high, and conversely low. P value was calculated
automatically by the server.


Statistical Analysis
Survival curves were generated by the Kaplan-Meier plots
displayed with HR and P or Cox P-values from a log-rank test.
The correlation of gene expression was evaluated by Spearman’s
correlation and statistical significance. P-values <0.05 were
considered statistically significant.

RESULTS


Expression of ACAA1 Is Lower in Tumor
Tissues Than in Adjacent Normal Tissue in
Various Types of Cancer
First, we aimed at elucidating whether ACAA1 had different
expression patterns in tumor tissue and paired adjacent normal
tissue. We included all cancer types and performed the analysis
in the TIMER database (Figure 1A). ACAA1 expression was
significantly down-regulated in 15 types of cancers (CHOL,
COAD, ESCA, HNSC, KICH, KIRC, KIRP, LIHC, LUAD,
LUSC, READ, SKCM, STAD, THCA, UCEC), and up-
regulated in only one type of cancer, PRAD. As our research
interest is focused on lung cancer, we re-analyzed ACAA1
expression in tumor tissue and adjacent normal tissue using a
GEO dataset (GSD 3837) (16). ACAA1 showed lower mRNA
levels in tumor tissues than in paired adjacent normal tissues
(Figure 1B). Thus, the expression pattern indicated that ACAA1
acts as a tumor suppressor in most types of cancers.
(abbreviations: CHOL: Cholangiocarcinoma; COAD: colon
adenocarcinoma ESCA: Esophageal Squamous Cell Carcinoma
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FIGURE 1 | (A) ACAA1 expression is down-regulated in 15 types of cancer (CHOL, COAD, ESCA, HNSC, KICH, KIR
ACAA1 are lower in tumor tissues than paired adjacent normal tissues (GSD 3837). (C) ACAA1 expression is negative
increased ACAA1 mRNA level. (E) ACAA1 mRNA level is significantly upregulated in H1944 after sorafenib treatment.
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HNSC: Head-neck squamous cell carcinoma KICH: Kidney
chromophobe KIRC: Kidney renal clear cell carcinoma KIRP:
Kidney renal papillary cell carcinoma LIHC: Liver hepatocellular
carcinoma LUAD: Lung adenocarcinoma LUSC: Lung squamous
cell carcinoma READ: Rectum adenocarcinoma SKCM: skin
cutaneous melanoma STAD: Stomach adenocarcinoma THCA:
Thyroid carcinoma)


To analyze how oncogenic KRAS regulates ACAA1
expression and the related upstream signaling pathway, we
used lung adenocarcinoma cell line H1944, which harbors
KRASG13D mutation. We knocked down KRASG13D by siRNA
and tested knockdown efficiency using q-PCR (supplementary
Figure 1A). Knock-down of mutant KRAS resulted in increased
ACAA1 mRNA levels (Figure 1D). Next, we inhibited
downstream pathways of KRAS. After treatment with MAPK
inhibitor, ACAA1 mRNA was significantly upregulated (Figure
1E). Based on these findings, we propose that ACAA1 is
downregulated by oncogenic KRAS through the MAPK
signaling pathway. We also confirmed the expression
correlation of ACAA1 and KRAS using the GEPIA database.
In LUAD and LUSC, ACAA1 expression was negatively
correlated with oncogenic KRAS (Figure 1C).


ACAA1 Is Negatively Correlated With
Tumor Mutation Burden in Lung Cancer
KRAS mutation is the second most prevalent mutation in lung
cancer, and we observed that KRAS regulated the mRNA of
ACAA1. We focused on these LUAD and LUSC in the
downstream analysis. Tumor mutation burden is widely used
as a biomarker for predicting efficacy of immune checkpoint
blockade (17). We therefore analyzed the correlation of ACAA1
expression and biomarkers of tumor burden mutation (Figure
2). We found that ACAA1 was negatively correlated to BRCA1,
ATM, ATR, CDK1, PMS2, MSH2, and MDH6, with statistically
significant differences. BRCA1, ATM, ATR, and CDK1 are
involved in DNA damage response (DDR) pathway. BRCA1
and CDK1 are the key signaling components of ATM and ATR
protein kinases. Four mismatch-excision repair (MMR)-related
genes, PMS2, MLH1, MSH2, and MDH6 were also tested. Except
for MLH1, the other three biomarkers were negatively correlated
to ACAA1. Together, these findings indicate that ACAA1 might
function in maintaining DNA stability and DDR. As lung
cancers harboring KRAS mutation have high response rate to
PD-1/PD-L1 blockade, KRAS mutation might be a potential
driver of DNA instability and DNA damage repair defects,
thereby leading to the production of more neoantigens.
ACAA1 might be a mediator in this process, through altering
intracellular nutrients and metabolic signature.


ACAA1 Expression Is Positively Correlated
With CD4+ Cell Infiltration
Next, we investigated whether ACAA1 expression was correlated
to infiltration of immune cell in the tumor microenvironment,
including B cells, CD8+ and CD4+ T cells, macrophages,
neutrophils, and dendritic cells (Figure 3A). We found that
CD4+ T cells were positively correlated to ACAA1 expression in
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LUAD and LUSC, a correlation which showed statistical
significance (r=0.2, p=9.44e-06, and r=0.318, p=1.36e-12 in
LUAD and LUSC, respectively). Based on this, we propose that
LUAD and LUSC harboring KRAS mutation probably recruit
less CD4+ T cells by suppressing ACAA1 expression, providing
tumors with an immunosuppressive microenvironment.
The insufficient number of CD4+ T cells in the tumor
microenvironment might be due to the decrease of either
T cell infiltration or polarization of CD4+ cells.


The TIMER database also provides a comparison of tumor
infiltration levels among tumors with different somatic copy
number alterations for a given gene. We confirmed that ACAA1
functionally recruited the immune cells using this feature of the
database. As shown in Figure 3B, copy number variation of
ACAA1 was negatively correlated to CD4+ cells both in LUAD
and in LUSC. Although we do not know whether copy number
alternation of ACAA1 leads to its gain or loss of function, this
result partially demonstrates that ACAA1 influences immune
cells infiltration in a direct or indirect manner. Taken together,
the two above results show that ACAA1 was positively correlated
to T cell polarization. Reduced expression of ACAA1 in the
tumor cells also indicates lower level of mature T cells in
tumor stroma.


ACAA1 Is Positively Correlated With Th1,
Th2, and Treg Cells in the Tumor
Microenvironment of Lung Cancer
Further, we analyzed whether ACAA1 expression was closely
related to Th1, Th2, Th17, and Treg cells by examining the
expression of biomarkers from these cells. Functionally, Th1
cells facilitate differentiation of CD8+ cells to toxic T cells. Th2
and Th17 cells are instead negative regulators of Th1 cells. Treg
cells have dual function in cancer immunology (18). These cells
enable immunosuppressive cancer phenotypes by inhibiting T
cell proliferation (19). FOXP3+ Treg is thought to promote
tumor growth and metastasis by inhibiting anti-tumor
immunity, and Treg accumulation in cancer is usually related
to poor prognosis (20). We found that ACAA1 expression was
positively correlated with TBX2, STAT4, and TNF-a, but
negatively correlated with STAT1 and IFNG in LUAD, with
similar expression correlation in LUSC (Figure 4A). As TBX2
is the main marker of Th1 cells, these results indicate a positive
relationship between ACAA1 and Th1 cell infiltration in the
tumor stroma. Among the Th2 cell markers (Figure 4B), in
LUAD, ACAA1 was positively correlated to STAT6, while in
LUSC, it was correlated with all Th2 cell markers, including
GATA3, STAT6, STAT5A, and IL-13. STAT6 promotes naïve
T cell differentiation to Th2 cells. Thus, a decrease in STAT6 in
the tumor stroma results in decreased Th2 cells. ACAA1
expression levels also positively correlated with Treg cell
markers (Figure 4C), with the best correlation in TGFB1, the
major cytokine promoting T cell differentiation to Treg cells.
Reduction of TGFB1 inhibits Treg cells in the tumor
microenvironment. However, we found no significant
correlation of ACAA1 to Th17 cells (Supplementary
Figure 1B).
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ACAA1 Is a Biomarker of T Cell
Exhaustion in LUSC
The results presented above indicate that CD4+ T cell infiltration
correlated with ACAA1, and most subsets of CD4+ cells were
reduced in the tumor stroma. Subsequently, we analyzed the
biomarkers indicating T cell exhaustion, to clarify the
relationship between ACAA1 and this dysfunction state. We
plotted the correlation of ACAA1 expression and stromal
biomarkers of T cell exhaustion, including PD-1 (PDCD1),
CTLA4, LAG3, HAVCR2, and GZMB. Expression of ACAA1
correlated positively with HAVCR2 and GZMB, and negatively
with LAG3, showing statistical significance in LUAD (Figure
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4D). In LUSC, ACAA1 expression was positively correlated to
that of PD-1(PDCD1), CTLA4, LAG3, HAVCR2, and GZMB,
with statistical significance. PDCD1 is an important biomarker
of T cell exhaustion (21). Up-regulated PD-1 on T cells inhibits
T cell differentiation to effector T cells and promotes T cell
apoptosis. A previous study showed that oncogenic KRAS
increases tumor PD-L1 expression and promotes CD8+ cells
infiltration to the tumor stroma (22). In our study, we did not
observe that KRAS mutation increased PD-L1 expression
(Supplementary Figure 1C), nor a solid correlation of ACAA1
with PD-L1 expression in cancer cells using GEPIA (TCGA
datasets) (Supplementary Figure 1D). More studies are needed

A


B


D


C


FIGURE 2 | (A, C) In lung adenocarcinoma (LUAD), ACAA1 is correlated with BRCA1 (r= -0.33, p=2.4e-15), ATM (r= -0.0056, p=0.9), ATR (r= -0.1, p=0.015),
CDK1 (r= -0.45, p=5.5e-29), PMS2 (r= -0.12, p=0.0059), MLH1 (r= 0.37, p=1.3e-18), MSH2 (r= -0.33, p=2.2e-15), and MDH6 (r= -0.31, p=1.6e-13). (B, D) In lung
squamous carcinoma (LUSC), ACAA1 is correlated with BRCA1 (r= -0.25 p=4.4e-9), ATM(r= 0.12, p=0.0058), ATR (r= -0.0024, p=0.96), CDK1 (r= -0.36, p=7e-18),
PMS2 (r= -0.2, p=3e-6), MLH1 (r= 0.4, p=1.5e-21), MSH2 (r= -0.23, p=4.4e-8), and MDH6 (r= -0.26, p=7.7e-11).
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FIGURE 3 | (A) ACAA1 is positively correlated with CD4+ T cell in lung adenocarcinoma (LUAD) and lung squamous cancer (LUS
in LUSC). (B). Copy number variation of ACAA1 negatively correlates with CD4+ cells both in LUAD and in LUSC. *p < 0.05, **p <
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ell markers (D). ACAA1 is a biomarker of T cell exhaustion in lung squamous cancer (LUSC).


Feng
and


S
hen


A
C
A
A
1
in


N
on-S


m
allC


ellLung
C
ancer


Frontiers
in


O
ncology


|
w
w
w
.frontiersin.org


O
ctober


2020
|
Volum


e
10


|
A
rticle


564796
8


A


B D


C


FIGURE 4 | ACAA1 expression levels also positively correlate with (A) Th1 cell markers (B) Th2 cell markers (C) Treg c
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to confirm their co-expression pattern. Nevertheless, ACAA1
seems to have different roles in LUSC and LUAD. In fact, in
LUAD, ACAA1 did not show a consistent co-expression pattern
with T cell exhaustion markers.


ACAA1 Is a Predictive Factor of Survival in
a Wide Range of Cancer Types
ACAA1 was associated with immune cells infiltration and
T cell polarization. Lastly, we investigated whether ACAA1
was a predictive factor of OS (Figure 5A–M) and PFS
(Supplementary Figures 2 and 3). To this aim, we searched
the survival data on Kaplan-Meier Plotter Database, which
automatically generated the survival plots. ACAA1 significantly
correlated with 13 out of 20 types of cancer, including bladder
cancer, breast cancer, head-neck cancer, kidney renal cancer,
kidney papillary cancer, liver cancer (hepatocyte carcinoma),
lung cancer (lung adenocarcinoma), pheochromocytoma and
paraganglioma, sarcoma, thymoma, thyroid carcinoma, uterine
corpus endometrial carcinoma, and rectum adenocarcinoma.
Cancers with higher ACAA1 expression level displayed higher
overall survival, while those with reduced ACAA1 expression
had worst outcomes. Collectively, these findings suggest
that ACAA1 acts as a tumor suppressor in many types of
cancers, possibly by altering the nutrient configuration and
immune suppression.

DISCUSSION


Recent studies indicated that NSCLC harboring KRAS mutation
show higher clinical response rate to and efficacy of PD-1/PD-L1
blockade (22, 23). However, the potential underlying
mechanisms are still obscure. Our study suggests that
oncogenic KRAS suppresses ACAA1 expression through
MAPK signaling pathway. We found that ACAA1 positively
correlates with CD4+ cell infiltration and T cell exhaustion.
Moreover, reduced ACAA1 expression is associated with lower
overall survival in various types of cancer, indicating that
ACAA1 acts as a tumor suppressor in a wide range of
malignancies. Oncogenic KRAS enhances immune checkpoint
inhibitor efficacy by providing an inflammatory tumor
microenvironment (24). Additionally, oncogenic KRAS also
increases tumor PD-L1 expression and promotes CD8+ cells
infiltration into the tumor stroma (22). Moreover, NSCLC
harboring KRAS mutation present a higher tumor mutation
burden, leading to tumor immunogenicity. Here, we found that
ACAA1 was positively correlated with CD4+ cell infiltration. Copy
number variation of ACAA1 also pointed to lower abundance of
CD4+ in the tumor microenvironment. Although the impact of
ACAA1 mutation on cancer has not been thoroughly investigated
yet, these results partially demonstrate that ACAA1 functionally
recruits immune cells to the tumor microenvironment.


The mean TMB and the proportion of patients with a TMB
>10 or >20 mut/Mb is significantly higher for KRAS-mutated
patients (10.3 mut/Mb) than for EGFR, ALK, ROS1 or MET
exon 14-mutated patients (3.1 to 6.2 mut/Mb) (25). The
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higher mutation burden of KRAS mutant lung cancer may
be due to the higher proportion of smokers among the
patients presenting this type of cancer (26). However,
whether the occurring KRAS mutation simply coincides with
other genetic mutations or is the direct cause of the
downstream DNA instability remains unknown. One
potential mechanism by which oncogenic KRAS could
regulate tumor mutation burden is via promoting fatty acid
accumulation in tumor cells (27). A former study showed that
oncogenic KRAS induces fatty acid synthase (FASN) to
enhance lipogenesis with a specific lipid signature in lung
adenocarcinoma (28). KRAS also activates ERK2 protein by
upregulating ERK1. Consistently, FASN inhibition blocks
cellular proliferation of KRAS-driven lung cancer cells.
Importantly, saturated fatty acids play a negative role in
DDR by compromising the induction of p21 and Bax
expression in response to double-strand breaks and ssDNA.
Moreover, saturated fatty acids appear to regulate p21 and Bax
expression via Atr-p53-dependent and -independent pathways
(28). ACAA1 transfers acetyl-CoA to fatty acids and provides
substrates to the TCA cycle. Therefore, downregulated
ACAA1 expression may result in accumulation of fatty acids
in cancer cells, consequently leading to DNA instability.


Nonetheless, how ACAA1 mediates immune cell infiltration, as
well as whether this phenomenon is causally related to ACAA1
expression or just coincidental, was still unknown. If there were a
causal relationship, an appropriate explanation to it would be that
metabolic shifts in tumor cells might alter the nutrient configuration
in tumor stroma. Tumor cells and immune cells interact with each
other through microenvironmental nutrient competition (29–31).
Cancer cells utilize glycolysis as their predominant energy source, a
biological phenomenon called “Warburg effect”. Nutrient
competition between cancer cells and immune cells extends the
function of Warburg effect to a cell-extrinsic advantage. Warburg
effect promotes depletion of extracellular glucose in the tumor
microenvironment, which renders tumor-infiltrating T cells
dysfunctional. Glucose in the tumor stroma is reduced due to the
increased glycolysis within tumor cells, which restricts glucose
availability to T cells and leads to their dysfunction (32). Tumor
cells produce and secrete lactic acid into the tumor
microenvironment. In addition to glucose metabolism, amino
acid and fatty acid metabolism also change in tumor cells.
Importantly, all these metabolites affect T cell polarization.
Oxidative phosphorylation (OXPHOS) and fatty acid oxidation
(FAO) fuel Treg cells. Memory T cells rely on FAO, while activated
Tregs primarily depend on glycolysis and fatty acid synthesis.
Nutrient availability in the tumor microenvironment favors
different subtypes of T cells (33). ACAA1 was recently also
implicated in regulating infiltration of T cell subtypes in the
tumor stroma. Yang and colleagues reported that the anti-
tumor response of mouse CD8+ T cells can be potentiated
by modulating cholesterol metabolism. They found that, in mice,
inhibition of acetyl-CoA acetyltransferase 1 (Acat1) in CD8+ T cells
restores their antitumor effect and reduces cancer progression and
metastasis (34). Following CD8+ T cell activation, the mRNA levels
of a subset of genes involved in cholesterol biosynthesis and
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FIGURE 5 | ACAA1 is a predictive factor for survival in a wide range of cancer types. (A) Bladder cancer. (B) Breast canc
cancer. (G) Lung cancer. (H) Pheochromocytoma and Paraganglioma. (I) Sarcoma (J) Thymoma. (K)Thyroid carcinoma. (L
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transport pathways are upregulated, while genes implicated in the
cholesterol efflux pathway are downregulated. Acat1 (ACAA1 in
our study) mRNA levels are significantly upregulated at early time
points, when CD8+ cells are activated. Moreover, inhibitors
targeting Acat1 could restore CD8+ cell function, and a
combination of PD-1/PD-L1 antibody and Acat1 inhibitor
demonstrated greater efficacy than the single agents. Interestingly,
Patsoukis and colleagues showed that PD-1 preserves effector T-cell
function by inhibiting glycolysis and promoting fatty acid oxidation
in CD4+ T cells through carnitine palmitoyltransferase I (CPT1A)
(35). Besides predicting the efficacy of PD-1/PD-L1 inhibition,
Zhang et al. reported that the ACAA1 expression level was
negatively correlated to several inhibitors, including Scr inhibitor
(AZD0530), MEK1/2 inhibitor (AZD6244), EGFR inhibitor
(Erlotinib), HER inhibitor (Lapatinib), and VEGFR2/3 inhibitor
(ZD-6474) (36). Their findings reaffirmed the important role of
ACAA1in predicting therapeutic efficacy.


More studies are needed to demonstrate nutrient competition
between tumor cells and immune cells. In vitro metabolic
analysis can improve our understanding of the metabolic
phenotypes specific of tumor cells and immune cells, and how
they interact with each other. However, the information
provided by in vitro studies may not be generalizable in vivo.
The metabolic phenotype of nutrient competition relies on the
supply of related fuels, such as glucose, amino acids, and fatty
acids, which are certainly present at lower concentrations in vivo
than in laboratory culture conditions. The consequence of the
limited supply of these fuels in a discrete immune
microenvironment in the body is likely a change in metabolic
as well as nutrition-sensitive signaling pathways that affect the
fate and function of immune cells. The lack of research tools for
measuring nutrient distribution at the single-cell level also
severely hinders our understanding of when and where
nutrients are available in the body. Therefore, elucidating how
nutrient supply affects immune cell metabolism and tumor-
stroma interactions remains a major challenge in the field of
immune metabolism.


The function of ACAA1 is to provide substrates entering the
TCA cycle to fuel the cell. Suppression of ACAA1 might therefore
lead to reduced activity of this cycle. The TCA cycle is a series of
critical reaction used by all aerobic organisms. The main metabolic
shift in solid tumors known as Warburg effect refers to the
preferable use of glycolysis in cancer cells to gain fuel, instead of
the more effective pathway of oxidative phosphorylation (37). By
generating and secreting lactate into the tumormicroenvironment,
tumor cells provide acidic and hypoxic conditions to the tumor
stroma and increase the nutritional pressure on effector T cells (38).
Consequently, metabolites from tumor cells accumulate in the
tumor microenvironment and lead to T cell metabolic switch,
resulting in T cell dysfunction and exhaustion (39).

CONCLUSION


Here, we showed that decreased ACAA1 expression correlates
with poor prognosis and decreased immune infiltration of CD4+
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T cells in LUAD and LUSC, and predicts T cell exhaustion in
LUSC. As ACAA1 catalyzes fatty acid entry into the TCA cycle,
we speculate that this phenotype could be due to nutrient
competition between cancer cells and immune infiltrates.
Nevertheless, clinical cohort is inevitable in validation the
predictive power of this marker and the exact mechanism
warrants further investigation.
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SUPPLEMENTARY FIGURE 1 | (A) KRASG13D by knockdown efficiency by
siRNA using q-PCR. (B) No significant correlation of ACAA1 to Th17 cells in LUAD
and LUSC. (C) KRAS mutation did not increase PD-L1 expression. (D) No solid
correlation of ACAA1 with PD-L1 expression in cancer cells using GEPIA database
analysis.


SUPPLEMENTARY FIGURE 2 | ACAA1 was not a predictive factor of PFS. (A)
Bladder Carcinoma (B) Breast cancer (C) Cervical squamous cell carcinoma (D)
Esophageal Adenocarcinoma (E) Esophageal Squamous Cell Carcinoma (F).
Head-neck squamous cell carcinoma (G) Kidney renal clear cell carcinoma (H).
Kidney renal papillary cell carcinoma (I). Liver hepatocellular carcinoma (J) Lung
adenocarcinoma.

October 2020 | Volume 10 | Article 564796



https://www.frontiersin.org/articles/10.3389/fonc.2020.564796/full#supplementary-material

https://www.frontiersin.org/articles/10.3389/fonc.2020.564796/full#supplementary-material

https://www.frontiersin.org/journals/oncology

http://www.frontiersin.org/

https://www.frontiersin.org/journals/oncology#articles





Feng and Shen ACAA1 in Non-Small Cell Lung Cancer

SUPPLEMENTARY FIGURE 3 | ACAA1 was not a predictive factor of PFS. (A)
Lung squamous cell carcinoma (B). Ovarian cancer (C) Pancreatic ductal
adenocarcinoma. (D) Pheochromocytoma and Paraganglioma. (E) Rectum
adenocarcinoma (F). Sarcoma (G) Stomach adenocarcinoma (H)Testicular Germ
Cell Tumor (I).Thyroid carcinoma (J) Uterine corpus endometrial carcinoma.
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SUPPLEMENTARY FIGURE 4 | ACAA1 was not a predictive factor of OS in the
following types of cancers. (A) Cervical squamous cell carcinoma (B) Esophageal
Adenocarcinoma (C) Esophageal Squamous Cell Carcinoma (D) Ovarian cancer
(E). Pancreatic ductal adenocarcinoma (F) Stomach adenocarcinoma (G) Testicular
Germ Cell Tumor.
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